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Abstract: 
 
Solid phase microextraction (SPME) is a solventless extraction technique that combines 
sample preparation and sample introduction into a gas chromatograph into a single step. 
For the past 20 years, solid-phase micro-extraction (SPME) has been used in numerous 
fields such as: food analysis, including juices, alcohols  fruits and vegetables for volatiles, 
aroma, caffeine, fatty esters, environmental applications including volatile organic 
contaminants, polycyclic aromatic hydrocarbons, polychlorinated biphenyls, phenols, 
pesticides, steroids, herbicides, acid/neutral/base compounds, and organometallic 
compounds from water, air, soil, sludge, and sediment samples and in biomedical 
analysis.  
This work demonstrates the extension of the limitations of SPME with respect to 
extraction and analysis of a) extension of headspace SPME to larger polycyclic aromatic 
hydrocarbons from fish oil b) less volatility analytes, combination of SPME-Gas 
Chromatograph –Mass Spectrometer –Mass Spectrometer (SPME-GC-MS-MS) to 
achieve lowered detection limits with steroids in water and c) and highly selective 
detection of fatty acid methyl esters in olive oil.  
 
Headspace solid-phase microextraction (HS-SPME) was used in combination with gas 
chromatography-mass spectrometry (GC-MS) to screen standards of polycyclic aromatic 
hydrocarbons (PAH) at part per billion levels and to detect and quantify PAHs in fish oil. 
Samples from menhaden fish were collected in 2010 to study the effect of Gulf of 
Mexico oil spill on marine life. The method presented a linear range from 50-1500 ng/g, 
with precision lower than 10% RSD. The limit of detection and quantification varied 
13 
 
from 0.1 to 50 ng/g. Naphthalene, fluorene, fluoranthene, pyrene, anthracene were 
detected in real samples. The concentrations of PAH’s detected in the real samples were 
well below the limits given by the FDA. This is the first demonstration of the use of HS-
SPME to detect larger PAHs such as benzo(a)pyrene in a complex matrix. 
 
Direct immersion SPME-GC-MS-MS was used for the analysis of steroids in water at 
part-per-trillion (ppt) and lower concentrations. The method was validated and extended 
to real sample analysis. The method was linear from 0.01 to 5 ng/mL with precision less 
than 10% relative standard deviation for a steroid mixture at 1 ng/mL. Limits of 
quantitation and limit of detection was found to be 200- 1200 pg/L  and 30-200 pg/L 
respectively and recoveries ranged from 88-103 %. To understand the extraction 
efficiency of the fiber, a depletion study was performed.  The fiber/ sample partition 
coefficients for the steroids were determined to be 1.0x104 to 1.5x 104.  The extraction 
was performed without derivatization or the use of an internal standard. This work 
demonstrated both reduced the detection limits (parts per quadrillion, ppq) and 
quantitative analysis of steroids without derivatization or use of an internal standard. 
 
For the analysis of fatty acid methyl esters (FAMES) in olive oil, headspace SPME was 
used, followed by GC–MS-MS with a traditional DB-5 (95% dimethyl polysiloxane and 
5 % biphenyl) column. A 37 component FAME mixture was used as standard mixture. 
Since FAMES are polar analytes, a polar fiber Car/PDMS/DVB (50/30 µm) fiber was 
used for the extraction. The product scan and multiple reaction monitoring (MRM) mode 
of MS-MS were used for the analysis. The selectivity provided by the GC-MS-MS 
14 
 
detector demonstrated separation of the polar fatty acid methyl esters on a non- polar 
column. 
 
This work demonstrated several extensions of SPME with GC-MS. HS-SPME is 
demonstrated to be effective for analysis of larger PAH not normally analysed using 
headspace technique. With GC-MS-MS, SPME was extended to part per quadrillion 
analysis of steroids, without requiring internal standards or derivatization for effective 
quantitation. The use of selective detection by MS-MS allows the quantitation of polar 
FAMES on a traditional non polar column.  
 
Further all of the work in this research, although the analytes were disparate: steroids, 
polycyclic aromatic hydrocarbons, fatty acid methyl esters, was performed using a single 
non polar stationary phase: 5% phenyl polydimethylsiloxane (DB-5) and column 
dimensions: 15m x 0.25mm x 0.25 µm 
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Chapter -1 
INTRODUCTION TO SOLID PHASE MICROEXTRACTION 
 
Chemical analysis establishes the qualitative and quantitative composition of materials. 
The constituents to be detected or determined are elements, radicals, functional groups, 
compounds or phase. 1  
Steps involved in the chemical analysis are:  
1. Formulating the question 
2. Selecting the analytical procedure 
3. Sampling 
4. Sample preparation 
5. Data analysis 
6. Interpretation and reporting 
7. Conclusions 
 
In all the steps, mentioned above for chemical analysis the sample preparation takes 
major portion of chemical analysis. Recent years extensive research has been focused on 
decreasing the sample preparation time to save time on total analysis. 
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Sample Preparation:  
 
Sample preparation is an extremely important part of an overall chemical analysis method 
and has relatively neglected in research. If not optimized carefully, it can be very time 
consuming and can impact the quality of the instrumental analysis. Sampling, collecting, 
extraction, isolation, concentration, fractionation or other preparation steps can take up to 
80% of the total analysis time.2 The two main purposes of sample preparation are to 
remove interferences and to increase sensitivity. A sample preparation method should 
satisfy the following requirements: it should be easy to perform, be fast and robust, 
automated, operate at a low cost/sample and should assist in addressing the fundamental 
question being asked in the analysis. The recovery, accuracy, linear range and precision 
should be within internationally accepted limits. Often, sample preparation is performed 
using highly manipulative multi-step procedures. Sample preparation has drawn 
increased attention in recent years, and the need for new improved methods has been 
largely recognized. Frequently, sample preparation has been considered a separate 
procedure prior to the real analysis, while today it has become an integrated part of the 
total analytical procedure. For gas chromatographic analysis, the most imperative goals 
for sample preparation, is to clean up step, concentrate, and exchange the original sample 
matrix with a solvent that is amenable to GC and also to make samples amenable to 
detection.3  
Common sample preparation procedures using solvents (liquid–liquid extraction 
techniques (LLE)) are time consuming, use large amounts of solvents and are laborious. 
Each step can introduce errors especially when analyzing volatile compounds. The use of  
solvents not only adds extra cost to the analysis but is also harmful for the environment 
17 
 
and creates potential health hazards to the laboratory personnel. Using solid-phase 
extraction (SPE) cartridges or discs and microwell plates has reduced many of the 
limitations of classical LLE methods. SPE needs less solvent but it is a time-consuming 
multi-step process and often requires a concentration step, which may result in a loss of 
volatile components.4 It is noteworthy that even though the volume of organic solvents 
needed for SPE is much less than that for LLE, it is still significant. Evaporation of the 
eluate is more time consuming in SPE than in LLE because protic solvents are mainly 
used (e.g.methanol), which usually have lower vapor pressure than that of the aprotic 
solvents mainly used for LLE. In addition, clotting, channelling and percolation in the 
cartridge are typical problems of SPE encountered in everyday laboratory work. In an 
attempt to address limitations inherent in SPE and LLE solid phase microextraction was 
developed by Pawliszyn and coworkers in 1990.5 
Solid Phase Microextraction (SPME) is a solvent-free sample preparation technique. 
The invention of SPME appears to be a logical development based on open-tubular 
capillary columns used in GC. These capillaries had their break-through in analytical 
laboratories in the mid-1980s. The conception of SPME may have been derived from the 
idea of an inversed GC capillary. Thus, a SPME device constituting of tubing with a 
coated inner surface was described, too.6 
The SPME technique is an extension of laser desorption from fused silica fibers which 
provided extremely fast chromatography but didnot address the time required for sample 
preparation.5 The most important part of the SPME device is a fused silica fiber solid 
support coated with a layer of a polymeric stationary phase which is used to extract the 
analytes by concentrating them from the sample matrix as illustrated in Figure 1. The 
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fiber is positioned inside the needle which serves to protect the fiber/fiber coating from 
damage during vial/injector septa penetrations.  
The combination of the fiber and needle is referred to as the SPME fiber assembly. The 
SPME device used in practice also includes a fiber assembly holder which is available in 
two different formats to allow for either manual or automated SPME processes.  
There are two primary processes occuring in SPME. First process called extraction is 
illustrated in Figure 2, the sample vial septum is pierced by a septum piercing needle. 
After the septum is pierced, the fiber is exposed to the solution, either directly (direct 
sampling) or in the vapor gas phase above the solution (headspace sampling). This allows 
the analytes from the solution to partition into the fiber. After a fixed amount of time the 
fiber is retracted inside the septum piercing needle, and the fiber holder is removed from 
the solution. In desorption, shown in Figure 3 the gas chromaographic inlet septum is 
pierced with the septum piercing needle. Then the fiber is exposed to the hot gas 
chromatographic inlet, where the analytes are thermally desorbed into the column. The 
fiber is left in the gas chromatographic for a few minutes in order to allow complete 
desorption and cleaning. Finally, the fiber is retracted inside the septum piercing needle 
and the fiber holder is removed from the gas chromatographic inlet.  
Extraction is based on a similar principle to gas–liquid or liquid–liquid partitioning 
chromatography. SPME is based on an equilibrium process, where analytes distribute 
between the polymeric coating of the fiber and the sample. The polymer coating acts like  
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Figure 1: Design of SPME device (Figure adapted from Supelco) 
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a sponge, concentrating the analytes by absorption or adsorption processes. Depending 
upon the nature of analyte SPME can be performed in two ways. 
The first is direct immersion extraction, which involves placing the SPME fiber directly 
into the sample matrix; this mode of extraction can be utilized with both liquid and 
gaseous samples as shown in Figure 2 and Figure 3. The second mode is headspace 
extraction, herein volatile or semi-volatile analytes are sampled from the headspace 
above a solid or liquid sample. In its early development stage, SPME was considered 
primarily suitable for the extraction of volatile organic compounds from environmental 
samples. SPME saves preparation time and disposal costs and can improve detection 
limits. It has been routinely used in combination with gas chromatography (GC) and 
GC/mass spectrometry (GC/MS) and successfully applied to a wide variety of 
compounds, especially for the extraction of volatile and semi-volatile organic compounds 
from environmental, biological and food samples. 
 
The significance of SPME has rapidly been recognized, as illustrated by the increasing 
number of publications as shown in Figure 4. The bars represent the number of articles 
published related to SPME based on searching the Science Citation Index database.  
 
Theory:  
 
Louch et.al.. 7developed a theory for the two-phase system with reference to sample 
solution-fiber coating. Zhang and Pawliszyn developed theory for the three-phase 
systems in reference to sample solution-headspace fiber coating.8 There are two broad 
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types of SPME fiber coatings: liquid and solid coatings. Liquid fiber coatings are either a 
high-viscosity polymeric liquid, deposited on the solid support, or a crystalline solid at 
room temperature which transitions into a liquid at the elevated temperatures necessary 
for desorption. These fiber coatings extract analytes via an absorption mechanism, which 
is based upon the partitioning of a chemical species between the sample matrix and the 
SPME fiber coating.9 The thermodynamic and kinetic expressions are derived for the 
absorption mechanism only. The thermodynamic expression for most of the adsorption-
type fibers is similar to the one for absorption type fibers, and the same conclusions are 
valid, if a sufficiently dilute solution is used.10 The carboxen/PDMS fiber is an exception, 
and no extraction model has been developed for it so far.  
 
At equilibrium, number of moles of analyte extracted (nf) by an absorption-type SPME in 
a two-phase system of limited sample volume only depends on the fiber/sample partition 
coefficient (Kfs), the volume of the fiber coating (Vf),  the volume of sample and (Vs),  
and the initial concentration of the analyte in the sample (Co). If we assume there are no 
losses (i.e., biodegradation or adsorption on walls of sampling vessel), then mass is 
conserved, therefore the number of moles is conserved, and the following equation can be 
written: 
 = 	 + 

	 + 	                  ( 1 ) 
 
 C∞f, Ch and Cs  are the equilibrium concentrations of analyte in the fiber, headspace, and 
solution (matrix) respectively. 
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Figure 2: Extraction Steps in SPME 11 
1. Needle pierces septum 
2. Fiber is exposed to analyte solution 
3. Fiber is withdrawn into needle and removed from 
solution 
 
1 2 3 
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Figure 3: Desorption steps in SPME 11 
1. Needle pierces septum 
2. Fiber is exposed in heated inlet 
3. Fiber is withdrawn into needle and removed from inlet. 
 
 
1 2 3 
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Figure 4: Number of recent published articles in SPME 
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The mass of analyte sorbed by the coating at equilibrium is: 
 =                                                          ( 2 ) 
Multiplying and dividing the right side of Eq. (2) by C0Vs 
 = .

 
 
, and replacing the denominator with the right term of Eq. (1), the equation becomes: 
 
 = 
				 	 + 

	 + 	            ( 3 ) 
 
Dividing both the numerator and denominator by Cs, we obtain 
 
 = 
				
 	 	
 +


	
 +
	

                   ( 4 ) 
 
Partition coefficients that express the proportion of analyte at equilibrium between two of 
the three phases: 
1-Sample-coating partition coefficient: Kfs =		

     ( 5 ) 
 
2- Sample-headspace partition coefficient: Khs = 


 ( 6 ) 
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Substituting these partition coefficients into Eq. (4), we get: 
 = 			
	
                 ( 7 )  
 
 
In case of headspace mode: 
When Vf is very small (µL), generally KfsVf << Vs, Eq. (7) can be written as: 
 = 			
	
                        ( 8 ) 
Note that the amount of analyte extracted at equilibrium by absorption is proportional to 
C0 and is dependent on the sample, headspace, and coating volumes. 
In direct immersion mode Vh = 0 and Vs >>> Kfs equation (5) becomes  
 = 			                          ( 9 ) 
 
The second type of coating, solid fiber coatings, primarily extract analytes via adsorption. 
Various interactions can contribute to adsorption, including Van der Waals forces, 
dipole—dipole interactions and various other weak intermolecular forces.  Independently 
of the nature of the coating, analyte molecules initially get attached to its surface.12 
Whether they migrate to the bulk of the coating or remain at its surface depends on the 
magnitude of the diffusion coefficient of an analyte in the coating. Weak intermolecular 
interactions play the most important role in analyte extraction by the porous polymer 
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SPME coating. The number of surface sites where adsorption can take place is limited. 
So, when all sites are occupied no more analyte can be trapped. Consequently, adsorptive 
coatings possess a limited number of surface sites for analytes to interact with, which 
means that, once a certain concentration is reached and all of the sites are filled, the fiber 
becomes saturated and no more analyte can be extracted by the fiber. This differs from 
absorptive fibers where such saturation should never occur.The distribution constant for 
solid fiber a coating in the direct extraction mode is given below: 
 = 	()()                      ( 10 ) 
Where Cf  max is the maximum concentration of active sites on the fiber coating and   
is the analyte concentration on the fiber at equilibrium. These terms are utilized to 
account for the limited number of surface sites present to which analytes can adsorb. 
 
Several different coatings are commercially available, including polydimethylsiloxane 
(PDMS), polyacrylate (PA), PDMS/divinylbenzene (PDMS/DVB), and Carboxen. The 
PDMS and PA coatings are a non-porous, amorphous polymeric phase whereas the 
PDMS/DVB and Carboxen are predominantly porous polymeric phases. Analyte uptake 
on PDMS and PA is by absorption whereas it is adsorptive for PDMS/DVB and 
Carboxen.  
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Critical Parameters to be optimized in Solid Phase Microextaction:  
 
To achieve good reproducibility, selectivity and sensitivity with HS/SPME requires 
careful method development of critical solid phase microextraction parameters 
specifically: 
 (i) Fiber Selection 
(ii) Optimizing the extraction, incubation time and temperature  
(iii) Optimizing desorption times and temperatures, 
(iv) Modification of the ionic strength and pH  
 
Fiber Selection: The fiber phase is chosen according to the nature of analyte. For polar 
analytes polar fiber is used and for non- polar analytes non-polar fiber will be used. The 
amount of analyte adsorbed/absorbed by the fiber depends on the thickness of the 
polymer coating and on the distribution constant for the analyte. Thick fiber coating will 
extract more of a given analyte than will a thin coating. Consequently, a fiber with a 
thicker coating is used to retain volatile compounds and transfer them to the GC injection 
port without loss, but a thin coating is used to ensure fast diffusion and release of higher 
boiling compounds during thermal desorption. A thick coating will effectively remove 
high boiling compounds from the sample matrix, but desorption rate will be prolonged, 
and analytes could be carried over to the next extraction. The extraction performances of 
three different fiber coatings were studied by Adam et al.13 in the analysis of essential oils 
of yacon (Smallanthus sonchifolius) leaves. The optimized SPME procedure was applied 
to the differentiation of various yacon varieties on the basis of their essential oil 
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compositions. The 30/50-µm DVB/Car/PDMS fiber gave the best combined sensitivity 
for the target aroma compounds studied.  
 
n∞ increases with film thickness.According to Eq. (11) and (12) to the four orders of 
magnitude difference between Vf and Vs, the effect of increasing the film thickness is 
first to increase n∞. It was also established that the film  thickness has an effect on the 
sorption kinetics, and it was shown that the time required to reach 90% of the equilibrium 
n∞ values (T90 ) varied with film thickness, provided that the solution was perfectly 
stirred, according to:  
 =	 % = (!	!")
#
#$          ( 11 ) 
 
                                                               % = 
#
#$           (12) 
 
Sample Agitation:  Sample agitation enhances extraction and reduces extraction time, 
especially for higher molecular weight analytes with small diffusion coefficients. 
Agitation is required to transport the analytes from the bulk of the sample to the vicinity 
of the fiber. Agitation is required for both headspace as well as direct immersion mode as 
in both cases the analytes are transported to fiber faster making equilibrium reach faster. 
In order to model mass transport in such a system, a zone termed the Prandtl boundary 
layer was defined as a region whose thickness is dependent on both the rate of agitation 
and analyte diffusivity.1  Therefore, in a single sample, the thickness of the boundary 
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layer is different for different analytes and agitation conditions. However, since the fluid 
contacting fiber surface is always stationary in a boundary layer region, analyte flux is 
progressively more dependent on analyte diffusion and less on agitation, as the extraction 
phase is approached. Because a thinner boundary layer results in a steeper concentration 
gradient between the bulk sample and the sorbent, a faster extraction rate occurs. 
Agitation (convection) conditions are thus critical in reducing the thickness of the 
boundary layer and increasing the rate of mass-transfer from the sample matrix to the 
fiber coating. This, in turn, leads to shorter equilibration times and increased overall 
speed of analysis. The radius δ of this static layer depends on the rate of agitation. The 
higher the rate of agitation the lower is δ and vice versa. The time to maximal extraction 
can be calculated with Eq. (13) where Dw is the diffusion coefficient of the analyte in 
water and ro the outer radius of coating, ri the inner radius of the coating 
 =	 % = %. &
'
$' (! −	!")             ( 13 ) 
Various agitation methods that can be used in SPME including a) magnetic stirring b) 
intrusive stirring c) needle vibration d) vortex stiring e) sonication. Stashenko et.al. 
14studied the effects of agitation with no agitation and with a sample agitation rate of 250 
rpm and showed that agitation improved extraction for of organometallic compounds of 
mercury, lead and tin in water samples 
Temperature: The temperature effect is not the same for all the compounds under study. 
High temperatures are supposed to release more analytes into the headspace, allowing 
better extraction during the increase with increasing temperature due to the enhanced 
mass transfer (kinetics). However they can adversely affect the absorption of analytes by 
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the coating due the thermodynamic reasons (decrease of partition coefficients) and the 
extraction by the fiber coating decreases as the temperature rises. In order to find the best 
temperature for extracting the terpenoid, Camara et. al15 reported the results obtained 
with three experiments with salt saturated standard solution of terpenoid compounds to 
compare the effect of three distinct temperature, 28, 40 and 60 ◦C, on the extraction yield. 
The standards of the different terpenoid compounds studied: linalol (lin), α-terpineol 
(ter), citronellol (cit), nerol (ner), geraniol(ger), nerylacetone (neril), nerolidol (nero), α-
ionone (a-ion) and β-ionone (b-ion),The best results were obtained for an extraction 
temperature of 40 ◦C as shown in Figure 5. The dependence of  Kfs (partition coefficient 
between fiber and sample) on temperature is expressed by Eq. (14) and (15) where Kofs is 
the equilibrium constant at To and ∆G is the free enthalpy of the transfer of analyte 
between the two phases: 
 =	 )*+ ∆-
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Figure 5: Influence of temperature of extraction on the relative amount of the 
analytes studied15. 
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Figure 6 shows the typical relationship between extraction time and analyte absorbed on 
the fiber. Before the equilibrium (between the fiber and the sample), the time factor is 
very critical, but after the equilibrium has been reached (typically a few minutes in 
Headspace and with agitated Direct Immersion), small changes in extraction times have 
no critical influence on the quantitative results.  
 
Pellati et al.16 used a central composite design to optimize the conditions (extraction 
temperature, equilibrium time, extraction time) for the HS/SPME sampling of volatiles 
from fruits of the Evodia species. Fromberg et al. published a study focused on the 
determination of a range of chlorinated and nitrated aromatic compounds in soil and 
determined that equilibration times were very long (on the order of 10 h) for high-
molecular weight compounds.17 While these analytes partition very strongly into the 
SPME coating, their diffusion process from the sample matrix, through the gaseous phase 
to the extraction phase, is very slow. The equilibration times for hydrophobic organic 
chemicals (HOCs) of environmental significance including brominated flame retardants 
such as polybrominated diphenyl ethers and polybrominated biphenyls analyzed in water 
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Figure 6: Time effect for SPME extraction (adapted from Sigma Aldrich) 
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samples (water samples spiked at pg mL-1 level, PDMS fiber, 100 mm coating employed) 
ranged from 2 to 4 h at 100 oC sample temperature, whereas at 25 oC they ranged from 8 
days to several weeks.18 
 
Salt: The addition of salt to a sample greatly increases the extraction efficiency for many 
analytes, particularly polar compounds and volatiles. Analyte recovery is enhanced due to 
“salting-out” effect whereby water molecules form hydration spheres around the ionic 
salts molecules that reduce the concentration of water available to dissolve analyte 
molecules. This behaviour is especially significant for analytes with low hydrophobicity. 
The salts commonly used to increase extraction efficiency are (NH4)2SO4, Na2CO3, 
K2CO3 and NaCl.  
 
Figure 7 shows the salt effect on the HS-SPME absorption for the flavor compounds in 
Madeira wine investigated in the study.15 
Desorption: Efficient desorption of an analyte from an SPME fiber depends on the 
boiling point of the analyte, the thickness of the coating on the fiber, and the temperature 
of the injection port zone. Most split/splitless capillary injectors in modern GC 
instruments are suitable for direct introduction of the fiber. The liner volume affects the 
shape of the chromatographic peaks. For example, larger volumes cause peak broadening 
and tailing. Split/splitless injectors should be operated in the splitless mode. Okeyo and 
Snow19 have discussed issues regarding SPME-GC injections. It should be noted that 
SPME is not subject to the solvent effects that focus analytes in splitless and on-column  
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Figure 7: Effect of salt (NaCl) concentration on the extraction efficiency of flavor 
compounds in study in 18% ethanol solution, by dynamic headspace SPME using a 
PA 85 µm fibre. 15 
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injections. SPME desorption is perceived to be a slow process, though it can be made 
rapid by using a low thickness fiber and a narrow-bore inlet liner.20 
pH Effect:  A strong dependence of the extraction yield on the pH value is observed for 
the acidic and basic compounds. Such compounds may only be extracted quantitatively 
by SPME if they are present in the neutral form. The pH of the extraction mixture is 
particularly important for compounds possessing a pH dependent dissociable group. It is 
only the undissociated form that will be extracted by an absorptive type of fiber coating. 
The adjustment of pH sample can be done by adding buffers to the sample to prevent 
ionization of the sample. A high pH value and a lower pH value are effective in  
improving the extraction of basic and acid compounds, respectively. For molecules 
possessing both acidic and basic functionalities, the optimum pH for extraction must be 
determined empirically. The determination of optimum pH of the sample should be 
between the stability ranges of the coatings and an extreme pH value should only be used 
in HS-SPME mode owing to the potential fiber deterioration when DI-SPME is used. The 
relationship between Kfs and pH is given by equation 16: 
356	 7

 − 08 = 9: + 9 − 0;																		( 16 ) 
Lambropoulou demonstrated optimization of headspace solid-phase microextraction 
conditions for the determination of organophosphorus insecticides in natural waters.21 
Camara et. al.15 also mentioned conditions required for the development of headspace 
solid-phase microextraction-gas chromatography–mass spectrometry methodology for 
analysis of terpenoids in Madeira wines. 
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Derivatization: Derivatization is commonly used in SPME-GC applications for 
converting the semi volatile and volatile analytes feasible for GC-MS analysis.  Analyte 
derivatization is used to transform an original compound into a product that has different 
physicochemical properties. This step is important for the analysis of non-volatile, polar, 
and ionic species which are difficult to extract and tend to react with the injection port 
and analytical column. Some examples of derivatizing agents are trimethyloxonium 
tetrafluoroborate, pentafluorobenzaldehyde, and bis(trimethylsilyl) trifluoroacetamide . 
Three different procedures are currently used: direct derivatization, derivatization on the 
SPME fiber and derivatization in the GC injection port (desorption). In situ derivatization 
is often preferred in SPME. This approach has been used with phenols in water by 
converting them to acetates with acetic anhydride.22 Trimethyloxonium tetrafluoroborate 
has been used for formation of methyl esters from urinary organic acids23, methanolic 
HCl to form esters of organic acids in tobacco, and propyl chloroformate to derivatize the 
amino group on amphetamines in urine.24 Other reagents include 
pentafluorobenzaldehyde for primary amines25 and sodium tetraethylborate and 
thioglycolmethylate for in situ derivatization of organometallics.26 On-fiber derivatisation  
(e.g.with diazomethane or with MSTFA) can be employed after the extraction procedure 
This has been employed for serum steroid 27and urinary hydroxyl metabolites of 
polycyclic aromatic hydrocarbons (PAHs).28 Recently, o-(2,3,4,5,6-
pentafluorobenzyl)hydroxylamine hydrochloride was used as simultaneous derivatization 
for monitoring of formaldehyde in air. 29 
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The nature of SPME offers attractive aspects for SPME innovative modifications and 
applications. Within a few years, SPME analysis has become one of the most widely 
applied methods for the analysis of environmental samples, food and natural products, 
pharmaceuticals and biological samples. In recent years, a number of review articles on 
SPME have been published, addressing topics including biomedical analysis. Two major 
recent fundamental advances in biomedical applications of SPME include the 
development of in vivo SPME and the development of high-throughput SPME using 
multi-well plate technology HS –SPME was used in the analysis of anesthetics, propofol, 
valproic acid in urine, blood tissues and serum respectively. DI SPME was used for the 
analysis of diazepam and metabolites in blood, fenoterol in blood and naproxen in urine. 
In forensics, HS-SPME was used for the analysis of methamphetamines in serum, club 
drugs in urine and recreational drugs in hair. SPME was widely used in environmental 
analysis where aldehydes, ketones, PAH’s, fatty acids and aliphatic amines were analysed 
in wastewater using SPME. 
Since fiber coatings is the core of SPME technique. At, present with commercial 
available fibers the development of new SPME fibers to overcome the limitations of 
commercial fibers has continuously attracted significant interest. One technique involves 
sol-gel technology, which provides efficient incorporation of organic components into 
inorganic polymeric structures in solution under mild thermal conditions. A wide variety 
of sol-gel-based polymer stationary phases (e.g., hydroxyl-terminated PDMS (OH-
PDMS), OH-silicone oil, polyethylene glycol, calyx[4]arene, crown ether, etc.) have been 
used as coating matrices.30 Anilinemethyltriethoxysilane (AMTEOS)/PDMS coating has 
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been prepared for direct extraction and GC flame ionization detection (FID) analysis of 
mono-PAHs31. 
The ionic liquid as coating material is being widely explored because of its unique 
properties. Liu et al.32 were the first to use an IL as an SPME fiber coating. A disposable 
1-octyl-3-methylimidazolium hexafluorophosphate (C8MIM+PF6-)-coated fiber was 
prepared by immersing a stainless-steel wire in a C8MIM+PF6-/dichloromethane (9:1, 
v/v) mixture and fiber was used to extract BTEX in paints by HS-SPME couple to GC-
FID. 
MIPs are crosslinked synthetic polymers obtained by copolymerizing a monomer with a 
cross-linker in the presence of a template molecule (print molecule) The combination of 
MIPs and SPME was initially proposed by Pawliszyn and coworkers in 2001, and 
consisted of packing a capillary with the MIP particles for in-tube SPME of drugs in 
serum samples33. Another alternative is to coat the silica fibers with a film of an MIP 
stationary phase. Hu et al. 34recently described the fabrication of an MIP-coated SPME 
fiber for triazine herbicides. 
 
The search for new materials as SPME fiber coatings has recently prompted an attempt to 
use carbon nanotubes (CNTs). Multi Walled Carbon Nano Tube(MWCNT)-coated SPME 
fiber was prepared by depositing an aliquot of a suspension of MWCNT in 
dimethylformamide onto a precleaned fused silica fiber (diameter 125 mm) which was 
used for DI SPME of PBDEs in river water, industrial wastewater, and milk extracts, 
followed by GC-ECD analysis35. 
41 
 
Conclusions:  
 
The research opportunities in the field of SPME are open, whether in the application area 
or construction of new SPME devices and synthesis of new fiber coatings. However some 
of the disadvantages are high selectivity of SPME fibers towards certain chemicals, lack 
of robustness and low reproducibility of results due to ageing of fiber. Need for 
derivatization of polar compounds and carry over problems presents problems in 
quantitative measurements,  
Keeping these disadvantages in mind, the goals for research project were developed to 
extend the range of solid phase microextraction to: steroids extraction from water without 
derivatization at ultra-trace level, extraction of higher PAH’s from fish oil and extraction 
of fatty acid methyl esters from olive oil. 
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Chapter-2 
Analysis of Steroids using Solid Phase Microextraction-Gas Chromatography-Mass 
Spectrometry-Mass Spectrometry (SPME-GC-MS-MS) 
 
 
Summary: 
 
Direct immersion SPME-GC-MS-MS was used for the analysis of steroids in water at 
part-per-trillion (ppt) and lower concentrations. The method was validated and extended 
to real sample analysis. The method was linear from 0.01 to 5 ng/mL with precision less 
than 10% relative standard deviation for a steroid mixture at 1 ng/mL. Limits of 
quantitation and limit of detection was found to be 200- 1200 pg/L  and 30-200 pg/L 
respectively and recoveries ranged from 88-103 %. To understand the extraction 
efficiency of the fiber, a depletion study was performed.  The fiber/ sample partition 
coefficients for the steroids were determined to be 1.0 ×104 to 1.5 ×104.  The extraction 
was performed without derivatization or the use of an internal standard.  SPME-GC-MS-
MS effectively demonstrated ultra-trace level detection of steroids in water 
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Introduction:   
Depletion study 
 
In DI-SPME for extraction of semi- and non-volatile analytes from water two phase 
equilibrium exists for the analyte between the liquid phase and the SPME fiber. Fiber 
sample partition coefficients were calculated to determine extraction efficiency of 
different SPME fibers,. In a usual analytical procedure, the amount of analyte extracted 
by the fiber need not be determined, because the quantitation step of the analysis is 
mainly achieved using SPME external calibration. The partition coefficient K relative to 
a particular fiber for a specific analyte (for example) has to be calculated with accuracy. 
The traditional method consists of determining the response coefficient of the detector 
used for the analyte through a calibration curve made from standard solutions in organic 
solvents and reporting it with the signal observed for the analytical sample. For the same 
goal, a depletion experiment method is suggested that consists of running several SPMEs 
from the same standard sample with the same conditions and then fitting the resulting 
data into an experimental regression curve, the exponential coefficient of which affords 
an absorption coefficient characteristic of the fiber/analyte system in a defined work-up. 
Urruty and Montury36 using direct immersion SPME and Nardi37 using in-tube SPME 
derived water-PDMS partition coefficients. 
The method published by Zimmerman, et al employed depletion study to determine the 
fiber/sample partition coefficient for HS-SPME. 38 From equation 17 the extraction ratio 
E, can be easily determined from the slope of line. The data analysis can be simplified by 
plotting the logarithmical peak areas against the number of extraction which results in a 
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linear relationship. After linear regression, the extraction ratio can be easily determined 
from the slope of the equation log (1−E). 
356, = 356=,>? +	( − 0) + @A(0 − >)       (17) 
The extraction ratio calculated will be used to determine fiber/sample partition coefficient 
as expressed in equation 18. 
 	
 = 	>(0>)                                                    ( 18) 
Eq (15) demonstrates that for calculation of partition coefficient the initial concentration  
of an analyte in a sample is not required. 
Triple Quadrupole Mass Spectrometer 
 
Quadrupole mass spectrometers are employed in either as a single or triple element 
configuration. Single quadrupole instruments are of limited use when the analytes have 
almost the same structures because of moderate resolving power. In triple quadrupole 
(MS-MS), the mass spectrometer is operated as a tandem mass spectrometer with two 
stages of mass analysis. The analyte is ionized at the ion source and the ion products are 
mass analyzed by the first quadrupole (Q1). Mass-selected ions exiting the first 
quadrupole collide with an inert gas (argon) in the second quadrupole (Q2) and fragment 
to produce product ions. This quadrupole is also called the collision cell where inert gas 
is used. The product ions undergo further mass analysis in the third quadrupole (Q3) to 
detect selected ions. If only RF voltage is applied, a quadrupole serves as an ion 
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transmission device that passes all ions within a large range of mass-to-charge ratios. 
When RF and DC voltage is applied to quadrupole, the separation of ions of different 
mass-to-charge ratios occurs. This separation allows quadrupole to serve as a mass 
analyzer. The triple quadrupole’s high sensitivity, selectivity and ability to detect at trace 
levels make it suitable for many analytical problems. Several modes of scan are available 
in MS-MS mode. Figure 8 the shows different modes of MS-MS. The Q2 operates 
exclusively with RF voltage. Selected reaction monitoring (SRM) screens a particular 
fragmentation of an ion or the loss of a neutral moiety.  SRM experiments are normally 
conducted with the Product scan mode.   
 
Similar to Selected Ion Monitoring (SIM), SRM provides very rapid analysis of trace 
components in complex mixtures. However, because SRM selects two sets of ions 
(quantitation and conformation ion), it obtains much better specificity and selectivity than 
SIM. The high sensitivity and selectivity generated by MS-MS provides an ability to 
detect analytes at trace levels.  A comparison study between triple quadrupole (QqQ) , 
time of flight and hybrid quadrupole time of flight mass analyzers coupled to liquid 
chromatography was done for the detection of anabolic steroids in doping control 
analysis.39 
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Figure 8: Modes of MS-MS 
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In this study, QqQ allowed the detection of all analytes at the minimum required 
performance limit.  
Steroids in environment 
 
 Steroids are considered emerging contaminants in water and interest in their analysis in 
environmental water has increased over the past several years. The presence of human 
hormones in water systems was reported as early as 1965, suggesting that steroids are not 
entirely eliminated during waste water treatment.40 An association between a synthetic 
birth-control pharmaceutical (ethynylestradiol) and impact on fish was noted in the 
1990’s. 41 Even very low concentrations of steroids in water systems can lead to changes 
in the endocrine systems of aquatic life, which may result in effects on growth and 
development, decrease in fertility, feminiazation and hermaphroditism; these changes 
may be expressed in current and in future generations.42   Sewage water treatment plants 
do not completely remove pharmaceuticals and hormones 43,44, resulting in contamination 
of water systems.45  Steroidal hormones are excreted by both humans and livestock and 
are deposited into river systems through sewage treatment and agricultural runoff. 46 
Steroids may reach groundwater by several means, including penetration through 
substrata, migration through agricultural soils amended with litter47, migration from 
septic systems48 or movement through unconsolidated river bed sediments.49 Several 
analytical techniques are generally employed for the analysis of steroids in water, 
including liquid chromatography mass spectrometry50, gas chromatography with ion trap 
mass spectrometry and tandem mass spectrometry51, liquid chromatography-mass 
spectrometry with laser diode ionization52, GCxGC-time of flight mass spectrometry53 
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and tandem mass spectrometry.54 Gas chromatography and liquid chromatography are the 
most commonly used techniques for the separation of steroid mixtures.  Recently, multi-
dimensional liquid chromatography55,56 and multidimensional gas chromatography57,58 
are widely used as they add another dimension of selectivity to the separation.  
The steroids used in this work are shown in Figure 9.  Mesterolone and its metabolites 
have been isolated by liquid–liquid extraction and analyzed by gas chromatography–mass 
spectrometry (GC–MS) after acylation or silylation, with five metabolites detected. 
Methandriol is an anabolic steroid derived from dihydotestosterone; high-sensitivity 
analysis of this and other female-steroid hormones in environmental samples which 
included estrone, estradiol and methandriol was performed using LC- tandem mass 
spectrometry with LOD’s 0.1-3.0 ng/L. Estrone is an aromatized C18 steroid with a 3-
hydroxyl group and a 17-ketone, a major mammalian estrogen. 17-α-estradiol is the most 
potent mammalian estrogenic steroid.  Etiocholanolone (or aetiocholanolone) is a 
metabolite of testosterone and has been analyzed in urine by GC-IR-MS .  
Androstenedione is a steroid sex hormone that is secreted by the testes, ovaries, and 
adrenal cortex and is an intermediate in the biosynthesis of testosterone and estrogen. 
Prasterone an endogenous inactive compound by itself, is converted to estrogens and/or  
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Figure 9: Structures of steroids used in this study 
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androgens in peripheral tissues which possess the required steroidogenic enzymes into 
cell-specific intracellular E2 and testosterone by the mechanisms of intracrinology. 
Diethylstilbestrol is a synthetic nonsteroidal estrogen used in the treatment of menopausal 
and postmenopausal disorders.  These compounds are typical examples of the myriad 
steroids that may be found in environmental systems.   
For the extraction of steroids from water, stir bar sorptive extraction (SBSE), liquid-
liquid extraction (LLE) and solid phase extraction (SPE) are typical of the techniques that 
have been successfully employed 59,60. However they suffer from high labor intensity, 
lack of simple automation, high solvent and consumable use and the general need for 
internal standard quantitation. In drug analysis, SPME has been used for extraction of 
amphetamine, cannabinoids, cocaine, opiates, anesthetics, antibiotics, antidepressants and 
others from urine, blood plasma and hair.61 These few examples provide a sampling of 
the large variety of SPME analyses performed over the past 20 years. 
Recent applications on in-tube SPME include the use of monolithic capillaries for the 
analysis of illicit drugs in urine and plasma samples. In addition, an automated on-line 
intube SPME/LC–MS method was developed to assay seven anabolic steroids in human 
urine.62 The steroids were extracted by 20 draw/eject cycles of sample size 40 µL. The 
steroids were separated within 14 min by HPLC on a Chromolith RP-18e column, and the 
urine samples from healthy volunteers were analyzed successfully without interference 
peaks. This method was sensitive (LOD, 9–182 pg/mL) and useful for anti-doping tests.63 
Solid-phase microextraction combined with fast short-column liquid 
chromatography/mass spectrometry (SPME/LC/MS) was used for isolating and analysing 
11 corticosteroids and 2 steroid conjugates from urine samples. Several SPME 
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parameters such as polarity of fibres, extraction time and effect of ionic strength, were 
investigated, and their impact on the SPME/LC/MS technique was studied. 64 
  
In recent work, SPME of steroids has involved interfacing the use of more sophisticated 
instrumentation and non-traditional adsorbent materials and geometries. Qiu et al. 
developed a selective SPME fiber for anabolic steroids from a testosterone molecular 
imprinted polymer (MIP).65 The fibers were used for the extraction of anabolic steroids 
and then analysed with GC–MS.  LODs of 0.023 and 0.076 mg L−1 were obtained by 
Jiang et al. for the determination of estrogenic compounds (17α-estradiol, estriol, and 
diethylstilbestrol) in fish and prawn tissue by using an MIP-coated SPME fiber coupled 
directly to LC-UV for simultaneous multi-residue monitoring of the estrogens.66 Wen et 
al. developed an on-line method for the simultaneous determination of four endocrine 
disruptors (17α-estradiol, estriol, bisphenol A and 17α-ethinylestradiol) in environmental 
waters by coupling in-tube SPME to LC with fluorescence detection.67 Recent 
applications in in-tube SPME include the use of monolithic capillaries for the analysis of 
illicit drugs in urine and plasma samples.68 Based on solid-phase microextraction (SPME) 
and on-fiber silylation, a method for simultaneous determinations of exogenous 
endocrine disrupting chemicals (EDCs) and endogenous steroid hormones in 
environmental aqueous and biological samples by GC–MS was developed. The 
LOD/(LOQ) values of the target compounds in river water and blood serum were in the 
range of 0.002–0.378/(0.008–1.261) µgL−1 and 0.004–0.474/(0.013–1.579) µgL−1, 
respectively, which were a bit higher than those in the pure water due to matrix effects.69 
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Santena et. al validated a GC-MS-MS assay for estradiol and determined estrogen levels 
in normal post-menopausal women and in women with breast cancer before and during 
administration of aromatase inhibitors. Levels of estradiol approximately 10 pg/mL were 
detected.70 
Generally, low-level steroids analysis is done by LC-tandem mass spectrometry with 
solid phase extraction.  As seen above, SPME-GC-MS-MS has not been applied to low-
level steroids analysis. This work demonstrates the effectiveness and potential for SPME-
GC-MS-MS for the ultra-trace analysis of steroids at similar concentrations to those 
determined by LC-MS-MS and related techniques.   
 Experimental  
Materials and Chemicals 
 
 Ultra-pure water was obtained from a MilliQ Plus purifier (Millipore, Billerica, MA).  
The steroids used for this work were purchased from Sigma-Aldrich (St. Louis, MO):1 
alpha-methyl-17 beta-hydroxy-5 alpha-androstan-3-one (Mesterolone), 
3S,8S,9R,10R,13S,14R,17S)-10,13,17-trimethyl-1,2,3,4,7,8,9,11,12,14,15,16-
dodecahydrocyclopenta[a]phenanthrene-3,17-diol (Methandriol), (8R,9S,13S,14S)-3-
hydroxy-13-methyl- 6,7,8,9,11,12,13,14,15,16- decahydrocyclopenta[a]phenanthren- 17- 
one (Estrone), (17β)-estra-1,3,5(10)-triene-3,17-diol (Estradiol), 4-Androstene-3,17-dione 
(Androstendione), 3α-Hydroxy-5β-androstan-17-one (Etiocholan-3α-ol-17-one), 
(3S,8R,9S,10R,13S,14S)-3-hydroxy-10,13-dimethyl-1,2,3,4,7,8,9,11,12,14,15,16-
dodecahydrocyclopenta[a]phenanthren-17-one (Dehydroepiandrosterone or Prasterone) 
and 4,4'-(3E)-hex-3-ene-3,4-diyldiphenol (Diethylstilbestrol). Sodium phosphate dibasic 
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and potassium phosphate monobasic, sodium chloride and sodium hydroxide pellets were 
purchased form Merck (Darmstadt, Germany). A Maxi Mix II vortex mixer (Barnstead, 
Des Moines, IA) was used to vortex the vials. 
A TRACE 1310 gas chromatograph with MS-MS (TSQ Quantum Ultra) and TriPlus 
RSH autosampler with SPME capability was provided by Thermo Scientific (Dallas, TX) 
for this work. Polydimethyl siloxane-divinyl benzene (PDMS-DVB) SPME fibers were 
obtained from Sigma Aldrich (Supelco, Belfonte, PA). 20 mL vials with magnetic screw 
caps were purchased from Sigma-Aldrich (St. Louis, MO).  
 
Buffer, Standard and Sample Preparation   
 
Phosphate buffer (0.5 M) was prepared in water by dissolving 3.6 g sodium phosphate 
dibasic and 3.0 g potassium phosphate monobasic in deionized water to make 1.0 L of 
solution and adjusted to pH 8.0 (measured with pH meter) using 5M sodium hydroxide.  
Stock solutions of each steroid with concentration of 100 µg/mL were prepared in 
ethanol. From the stock solution 10 µg/mL of steroids mix was prepared and was 
refrigerated in amber colored vials. The stock solutions were used within 15 days of 
preparation. For standards, 4.3 g of salt, 17 mL of water and 50 µL of phosphate buffer 
were added to a 20 mL vial. The final analyte concentration was attained by spiking a 
calculated volume of the stock solution into the vial.  Each vial was then vortexed until 
the salt was dissolved completely. For real samples, the same procedure was used except 
without spiking with steroids.  
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Instrumental Conditions 
SPME Conditions 
 
The optimized SPME conditions were chosen from previous work done by Gomes et.al. 
in our laboratory.71 A PDMS-DVB fiber (65 µm) was used as sorbent in direct 
immersion-SPME mode. The vial was pre-incubated in the agitator for 10 min at 550C, 
and then was extracted in sample vial for 60 min followed by desorption in the GC inlet 
under splitless conditions for 3 min.  Prior to each analysis, the fiber was pre baked for 25 
min and following each analysis, post-baked for 16 min at 2600C in the SPME fiber 
conditioning station on the autosampler. 
 
GC-MS-MS Conditions 
 
The inlet was maintained at 2500C in splitless mode with purge time of 3.00 min and a 
0.75 mm inside diameter glass sleeve. The column was RTX-5MS, 15 m×0.25 mm× 
0.25µm (Restek, Bellefonte, PA).  A constant flow of 1.5 mL/min was maintained 
throughout the analysis. The oven temperature program started at 40ºC with hold time of 
1 min and programmed at 20ºC/min to 3000C with final hold time of 3 min. The total run 
time was 17.00 min. The transfer line was maintained at 250ºC and the ion source was 
kept at 250ºC.  The steroid mixture was first analyzed in full scan, followed by product 
ion scans of each analyte to optimize the collision energy, collision gas pressure and 
identify the quantitation and conformation ions, as shown in Table 1. The initial method 
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conditions were optimized at the 5 ppb concentration level. The final optimized 
experiments were performed in selected reaction monitoring mode (SRM).  
Depletion Study 
 
A 0.1 ng/mL solution of the steroid mixture was prepared as mentioned previously in the 
sample preparation procedure.  DI-SPME was performed consecutively for six times 
using the same solution containing the steroid mixture and desorbed in the inlet after 
every extraction. A plot of log peak area against extraction number was generated. The 
resulting plot was examined for linear behavior and analysis to determine the partition 
coefficient according to the method of Zimmerman et al .35 
 Validation 
 
The developed method was validated as per IUPAC guidelines. Precision of the method 
was calculated by using % relative standard deviation of 5 runs.  LOD and LOQ were 
determined by selecting noise range from 13.4 min to 13.6 min. Software Xcalibur 
determined the drift and based on that S/N was calculated. 
S/N = 2or 3 (for LOD) 
S/N=10 (for LOQ)  
  The percent recovery from each sample was determined by first analyzing a 100 pg/mL 
sample and using that response and the equation from calibration curve to estimate the 
expected response of a 600 pg/mL sample.   This was then compared to the response of 
an actual 600 pg/mL sample obtained by spiking the original 100 pg/mL sample the ratio 
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expressed as a percentage.  Five real samples were obtained from various locations in the 
environs of South Orange, NJ USA.   
Results and Discussion 
Solid Phase Microextraction (SPME)  
 
As steroids are semi volatile compounds with various polar functional groups, direct 
immersion solid phase micrextraction was performed with a commercially available semi 
polar fiber, 65 µm polydimethylsiloxane/divinylbenzene (PDMS/DVB).  The SPME 
procedure used was adapted from Gomes et. al.38 A brief summary of parameters is 
presented here.  
Sodium chloride (4.3 g) was added to the samples to take advantage of the “salting out” 
effect, increasing the amount extracted by reducing solubility of the analytes in water.   
As the steroids used all had pKa >10, samples were prepared using a phosphate buffer 
with pH = 8 to ensure that the steroids were predominantly in the neutral form to enhance 
extraction.  Extraction time and temperature were optimized at 60 min and 550C 
respectively, providing faster kinetics through the higher temperature without excessive 
reduction in the amount of analyte extracted, as partitioning into the fiber is usually 
favored by lower temperatures.   
 GC-MS-MS 
 
RTX-5MS, 95% polydimethyl siloxane and 5% diphenyl polysiloxane, a very common 
stationary phase, was used for the chromatographic separation.  This column was used as 
the first dimension column in the GCxGC-ToFMS work of Gomes et. al . Figure 10, 
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showing the coelution of several steroids, is a full scan chromatogram of the analysis of a 
5 ppb steroid mixture. The steroids are identified in the Figure 9. Note the similarity in 
the structures of the steroids and the low selectivity of the chromatographic separation. 
Co-eluting analytes may either be further separated chromatographically (changing 
parameters in GC or GCxGC) or by simultaneous selective detection (GC-MS or GC-
MS-MS). To determine the appropriate ions for the product scan in MS-MS the full scan 
mass spectrum and retention time for each steroid were determined. From the mass 
spectra, the most stable ion for each steroid was chosen (usually the molecular ion)). The 
product scan in Q3 was performed on the steroid mixture at varying collision energy and 
collision pressure to reduce the most abundant m/z value to 10% of its original height 
according to the manufacturer’s recommendation to increase abundance of product ions. 
The two most stable transitions were chosen as the confirmation and quantitation ions. 
The optimized conditions obtained from the product scan were used in selected reaction 
monitoring, as shown in Table 1.  The next step was to apply those optimized conditions 
to selected reaction monitoring (SRM), with both quadrupoles Q1 and Q3 set at specific 
m/z ratios for each steroid, maximizing selectivity of the mass analyzer. Figure 11 shows 
ion chromatograms for each of the steroid compounds at the 1 ppb concentration level, 
showing well separated and resolved mass peaks for each steroid. Each peak was fully 
separated and demonstrates excellent chromatographic performance, symmetrical peak 
shape and narrow peak width and the mass chromatogram of each steroid is “clean” with 
very low  
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Figure 10: Total ion chromatogram of a 1 ng/mL steroid mixture, extracted 
according to this work, except 10oC/min temperature ramp. 
 
 
Mesterolone 
Estrone 
Estradiol 
Androst-4-ene-
3,17-dione 
Eticholan-3 α-ol-17-one 
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Steroid Parent  Product*  Collision 
Energy 
Retention Time 
Mesterolone 218 159 
185 
12 13.18 
Methandriol 253 183 
197 
20 12.89 
Estrone 270 172 
185 
16 13.05 
Estradiol 272 186 
213 
15 13.11 
Androstendione  286 109 
124 
12 13.16 
Eticholan-3-17-one 290 244 
257 
10 12.56 
DES 288 203 
270 
10 12.69 
Prasterone 312 240 
269 
14 14.26 
 Table 1:  Optimized MS-MS Conditions; Parent Ion, Product Ions (quantitation ion listed 
above confirmation ion), Collision energy (eV) and Chromatographic Retention Time (min) 
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Figure 11: Ion chromatograms of the steroid mixture extracted at the 1 ng/mL level 
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noise, high signal and no interferences.  By using selected reaction monitoring, the co-
elution problem was solved through multidimensional mass detection. 
SRM allowed selective monitoring of the specific transitions for each steroid while 
maintaining sensitivity during operation at less than unit mass resolution. The 
quantitative results of this approach are demonstrated later in this work in the validation 
section. 
Fiber/sample partition coefficient by depletion study 
 
Successive extractions from the same vial at an initial 100 pg/mL concentration were 
performed.  A plot of log peak area versus extraction number showed a linear response 
with a correlation coefficient greater than 0.98 for most of the steroids. The fiber/sample 
partition coefficient was then determined using the method of Zimmerman, et.al. 35.  The 
extraction ratio was calculated from the slope of the linear regression and the apparent 
fiber/ sample partition coefficients for the steroids were calculated from the extraction 
ratio.  The extraction ratio and the fiber/sample partition coefficient are presented in 
Table 2. 
The partition coefficients were all greater than 10,000, supporting the high sensitivity of 
this technique.   
 DES did not show a linear curve. This is because the PDMS-DVB is an adsorption fiber 
and there might be some competition occuring between analytes for sites on fiber. For 
this reason the partition coefficient was not calculated.  
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Steroid Correlation Coefficient Slope Extraction ratio Fiber /Sample apparent partition 
coefficient 
(x 104) 
Mesterolone -0.9924 -0.145 0.28 1.5 
Methandriol -0.9909 -0.132 0.26 1.4 
Estrone -0.9859 -0.116 0.23 1.2 
Estradiol -0.9763 -0.105 0.21 1.1 
Androstendione  -0.9942 -0.103 0.21 1.0 
Eticholan-3-17-one -0.9873 -0.145 0.28 1.5 
DES -0.9130 nc* nc* nc* 
Prasterone -0.2716 nc* nc* nc* 
 
Table 2: Extraction ratio and fiber/sample apparent partition coefficient at 55 0C.  
Values calculated according to the method of Zimmerman, reference 35. 
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Mesteroloneand Eticholane-3α,17-one showed the highest fiber/sample apparent partition 
coefficient at 55 oC under the given extraction conditions. The apparent partition 
coefficients for all of the steroids were above 10,000 demonstrating high affinity of the 
PDMS DVB fiber for steroid extraction. 
 
Validation  
 
Table 3 shows analytical figures of merit for all the steroids. Traditionally, SPME is 
performed using internal standard quantitation, to account for run-to-run variation in 
extraction and injection.  However in this work, the precision data were less than 10% 
RSD at the 1 ng/mL level for all steroids, so further analysis was performed without 
using an internal standard. Calibration curves were plotted for each steroid using external 
standard calibration.  
The use of SPME eliminated the need for derivatization, eliminating the potentially 
adverse effect on reproducibility that is often introduced by derivatization. Calibration of 
steroid standards was plotted over a wide range of 0.01 ng/mL to 5 ng/mL. All steroids 
showed R2 > 0.99 as shown in Figure 12- Figure 19 and % RSD less than 10%   at 
1ng/mL. The LOD and LOQ’s in pg/L illustrate the potential of SRM at ultra-trace levels. 
As an example, Figure 20 shows mass chromatograms for the steroids at the 3 pg/mL 
level, still showing strong signal to noise rations, easily indicating detection limits in the 
sub-pg/mL range. Figure 21 shows ultra trace level of 200 pg/L where steroids like 
prasterone is still present. 
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Steroid R2 % RSD  Recovery 
(%) 
LOQ 
(pg/L) 
LOD 
(pg/L) 
Mesterolone 0.9975 7.98 103 1200 200  
Methandriol 0.9978 9.20 96 200  30 
Estrone 0.998 7.80 85 2000 220 
Estradiol 0.9955 9.92 85 1000 200 
Eticholan-3α-17-one 0.9977 9.34 84.9 900 300 
Androsten-3-ene-17-dione 0.9973 7.30 96.5 1000 200 
Prasterone 0.9972 10.80 88 250 30 
Diethylstilbestrol 0.9837 9.42 92 5000 2000 
 
Table 3: Analytical figures of merit and quantitative validation results 
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Figure 12 : Calibration plot  of Mesterolone (0.01 ng/mL to 5 ng/mL) 
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Figure 13: Calibration plot of Methandriol (0.01 ng/mL to 5 ng/mL) 
y = 1E+07x - 354943
R² = 0.9978
0
10000000
20000000
30000000
40000000
50000000
60000000
70000000
0 1 2 3 4 5 6
P
e
a
k
 a
re
a
Concentration in ng/mL.
Methandriol
67 
 
 
 
 
 
 
Figure 14:  Calibration plot of  Estrone (0.01 ng/mL to 5 ng/mL) 
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Figure 15: Calibration plot of Estradiol (0.01 ng/mL to 5 ng/mL) 
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Figure 16: Calibration plot of Androstendione (0.01 ng/mL to 5 ng/mL) 
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Figure 17: Calibration plot of Eticholan-3α-17-one  (0.01 ng/mL to 5 ng/mL) 
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Figure 18: Calibration plot of Prasterone  (0.01 ng/mL to 5 ng/mL) 
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Figure 19: Calibration plot of DES  (0.01 ng/mL to 5 ng/mL) 
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Figure 20:  Ion chromatograms of the extracted steroids at the 3 pg/mL level 
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Figure 21: MRM chromatogram at 200 pg/L 
 
 
Prasterone 
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Field Samples 
 
Five water samples were collected from local sources near South Orange, NJ  USA  as 
summarized in Table 4.  One sample showed a small response (pg/L level, with S/N 
about 10) for estrone as shown in Figure 22.   All of the other samples were fully 
negative for all of the analytes.   This being a highly selective method, there is no way to 
determine whether other steroids or compounds that may be of interest were present from 
these data.  However, this does demonstrate the potential for SPME-GC-MS-MS as an 
effective technique for the low level analysis of drugs in environmental water samples.    
 
Source of sample Steroids Detected 
Drinking water A None 
Drinking water B None 
River water Estrone 
Hospital Water A None 
Hospital Water B None 
 
Table 4: Summary of real samples 
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Figure 22: River Water Sample 
 
 
Estrone 
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Comparison between GC-MS-MS and GC×GC-TofMS 
 
Gas chromatography (GC) is among the highest–resolution separation methods readily 
available to analytical scientists.  Traditional GC is not capable of complete separation of 
very complex mixtures, so multidimensional techniques are emerging rapidly. 
Comprehensive two dimensional gas chromatography-time of flight mass spectrometry 
(GC×GC-ToFMS) and gas chromatography-triple quadrupole mass spectrometry (GC-
MS-MS) are generating interest as multidimensional techniques.  
Traditional GC coupled to a triple quadrupole mass spectrometer (GC-MS-MS) still 
showed co-elution, which was overcome using the high selectivity of MS-MS.   SPME-
GC-MS-MS also provided excellent quantitation and part-per-quadrillion detection limits 
of detection using selected reaction monitoring.   In contrast, GC×GC-ToFMS overcame 
co-elution problems through orthogonal separation using two columns. All the steroids 
were run with same sample preparation, SPME, GC method on both of these instruments. 
As discussed above GC-MS-MS showed well separated Gaussian peak. GC×GC-TofMS 
showed separation of peaks as shown in Figure 23 . 
In comparative study both instruments separated co-eluted steroids. In GC-MS-MS well 
separated peaks are achieved by selective method called selected reaction monitoring 
whereas in GC×GC-TofMS separation was achieved by orthogonal separation between 
non-polar and polar column. On one hand triple quadrupole (MS-MS) provides higher 
selectivity and thus lower detection limits (ppq) and on other hand GCXGC-TofMS 
provides comprehensive results where the limits of detection may not be as low as triple 
quad but provides information regarding metabolites and degradation products which is  
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Figure 23: : Total ion chromatogram of steroids resolved on GC×GC-TofMS (30 
ng/mL) 1: Mesterolone, 2: Estrone,3: Methandriol,4: Prasterone,5: Androsten-3ene-
17-dione, 6:  Estradiol,7: DES, 8: Eticholan-3α-17-one 
.  
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equally important. So it is very important to understand what type of analysis is required 
and from there right type of instrument is chosen for analysis 
 
Conclusions 
 
SPME- GC-MS-MS in selected reaction monitoring mode was used for the trace analysis 
of steroids in water.  The method was calibrated from 0.01 ng/mL to 5 ng/mL, with limits 
of detection and quantitation below 1 pg/mL for all of the steroids determined.  The 
method showed good chromatographic figures of merit and quantitation at pg/mL 
concentration without the use of any internal standard or derivatization. This is attributed 
to effective extraction using automated SPME, which ensures precision by eliminating 
analysis variables in sample preparation. MS-MS allows monitoring of transitions 
specific to each steroid, delivering high selectivity and resulting low noise.  Monitoring 
compounds at less than unit mass resolution values provides the selectivity necessary for 
analyzing multiple overlapping compounds without compromising the sensitivity needed 
to determine analytes at pg/mL and lower concentration.  Additionally, the fiber /sample 
apparent partition coefficient was determined for six steroids at 55oC, using a depletion 
study to be greater than 10,000, supporting the ability of SPME to extract detectable 
amounts of the analytes from very low concentration samples.   
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Chapter-3 
Quantitative Analysis of Polycyclic Aromatic Hydrocarbons in Fish Oil by 
Headspace Solid Phase Microextraction and Gas Chromatography-Mass 
Spectrometry (HS-SPME-GC-MS). 
 
 
Summary: 
 
This study aimed to study the effects of British Petroleum (BP) oil spill on marine life. 
Headspace solid-phase microextraction (HS-SPME) was used in combination with gas 
chromatography-mass spectrometry (GC-MS) to screen EPA standards of polycyclic 
aromatic hydrocarbons (PAH) at part per billion levels and to detect and quantify PAHs in 
oil samples from menhaden fish collected in 2010. The method was developed with a fish 
oil capsule spiked with EPA (610 PAH) to analyze 16 PAH’s. The HS-SPME-GC-MS 
method presented a linear range from 50-1500 ng/g, where the precision were better than 
10%. The limit of detection and quantification varied from 0.1 to 50 ng/g. Real sample 
analysis was done on menhaden fish oil extracted in the laboratory. The real samples were 
collected from New Jersey and Lousiana. Naphthalene, fluorene, fluoranthene, pyrene, 
anthracene were detected in the real samples. The concentration of PAH’s detected in real 
samples were well below the limits given by the FDA for Gulf of Mexico sea food. 
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Introduction: 
 
Oil spills are among the worst possible environmental disasters, causing both short-term 
and long-term pollutant side effects including dead and dying wildlife, tarred beaches, 
damaged fisheries and contaminated water supplies. Historically, oil spills have been 
known to contaminate seafood with polycyclic aromatic hydrocarbons (PAHs). In 1996, 
the tanker Sea Empress spilled about 72,000 tons of crude oil at entrance of Milford 
Haven Waterway in Pembrokeshire, Wales. Based on the analysis for hydrocarbons in 
fish and shellfish after the event, the fresh water ecosystem priority area (FEPA) 
implemented heavy controls on fish distribution for several months.72 On April 20, 2011 
oil rig, British Petroleum Deepwater horizon, located 41 miles off coast Louisiana, 
exploded. In this BP Oil Spill, more than 200 million gallons of crude oil was pumped 
into the Gulf of Mexico for a total of 87 days, making it the largest oil spill in U.S. 
history.  The thick and gooey oil smothered seabirds and fish.73 This spill introduced 
crude oil which is composed of many organic compounds. These compounds included 
polycyclic aromatic hydrocarbons (PAH) which are an environmental concern because 
they persist in the environment. Sixteen PAHs are included in the European Union and 
US Environmental Protection Agency (US EPA) priority pollutant list because of their 
mutagenic and carcinogenic properties.74,75 Polycyclic aromatic hydrocarbons are 
carcinogenic in some fish species and they bio-accumulate in the fatty tissue of fish liver. 
A major concern in animals is the ability of the reactive metabolites of some PAHs to 
bind to cellular proteins and DNA, leading to mutations, developmental malformations, 
tumours and cancer.76,77 Many chemical carcinogens are pro-carcinogens requiring 
biotransformation frequently by oxidative metabolism through the cytochrome P-450 
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monooxygenase system.78,79 Metabolization and depuration ability of PAHs by fish has 
been investigated and stated by several authors.80,81 ,82 The main goal for this work was to 
extract polycyclic aromatic hydrocarbons, from the oil of menhaden fish, a very 
important commercial fish along the Atlantic and Gulf coasts. Menhaden aquaculture is 
nonexistent, but menhaden products are used in aquaculture of other fish. Menhaden is an 
oily, prey fish that is heavily fished for bait and for the reduction industry. Menhaden are 
a key dietary component for a wide variety of fish, including bass, mackerel, cod, bonito, 
swordfish, bluefish, and tuna.  They are called filter feeding omnivores because they 
swim with their mouths open and filter particles. Due to their oily nature, menhaden 
likely accumulate oil contaminants and possibly spread them to predatory fish such as 
bluefish or striped bass. It is possible that by consuming bluefish and striped bass and/or 
contaminated omega-3 from menhaden, humans may be exposed to oil contaminants 
including PAHs.83  
 
A wide number of techniques have been developed for the determination of PAHs in 
airborne particulate matter, such as thin-layer chromatography (TLC), gel-permeation 
chromatography (GPC), gas chromatography (GC), gas chromatography-mass 
spectrometry (GC/MS) and high-performance liquid chromatography (HPLC). Whitcomb 
et.al. demonstrated the detection of polycyclic aromatic hydrocarbons, including time-
resolved laser-induced fluorimetry on solid-phase extraction membranes.84 Other 
techniques such as high-performance liquid chromatography with fluorescence, 
atmospheric pressure chemical ionization mass spectrometry was used for detection of 
PAH’s in soil.85 Pandey et.al. in their review paper has mentioned different techniques for 
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the determination of polycyclic aromatic hydrocarbons in air. SPE-based procedures have 
been used for the analysis of PAHs in coffee 86, but also in tea 87 and spirits 88using 
different cartridges, such as PS-DVB and C18. Recently determination of polycyclic 
aromatic hydrocarbons in smoked fish samples by a new microextraction technique and 
method optimization was done using response surface methodology 89.  A review by 
Poster et al.90 summarizes the instances where GC generally affords greater selectivity, 
resolution, and sensitivity than HPLC. Generally, GC–MS is the preferred analytical 
technique for the small and more volatile PAHs, whereas it is normally less suited for 
larger PAH metabolites, such as hydroxy benzo(a)pyrene (BaP), due to thermal 
decomposition and poor sensitivity.91,92 Gas chromatography combined with time-of-
flight mass spectrometry (GC/TOFMS) has been suggested recently as a reliable 
analytical approach for the determination and confirmation of PAHs in complex matrices. 
GC/TOFMS results for identification and quantitation of biliary metabolites of PAHs, 
alkylated PAHs and alkylphenols in fish exposed to an artificial offshore produced water 
mixture have also been recently reported.93 PAH’s were determined in edible oils and 
barbecued food by HPLC/UV–Vis detection.94  
 With different instrumental techniques for the analysis of PAHs, various articles have 
been published on extraction of polycyclic aromatic hydrocarbons. Yebra-Piementel 
et.al.95 discussed and critically evaluated two different extraction procedures, such as 
ultrasound-assisted solvent extraction and ultrasound-assisted emulsification–
microextraction for detection of selected PAHs attached to high-performance liquid 
chromatography coupled with fluorescence detection95. Reddy et.al. used liquid-liquid 
extraction for both total petroleum hydrocarbons (TPHs) and polycyclic aromatic 
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hydrocarbons (PAHs) in seawater samples that were collected after the North Cape oil 
spill96.  
Due to the volatile character of certain PAHs, they have been also determined by 
headspace (HS) and solid-phase microextraction (SPME) techniques, namely, HS97, HS-
SPME98 and SPME99 with or without a previous dilution of the oil. Solid phase 
microextraction combines sampling, extraction and sample introduction in unique way.  
In headspace extraction the fiber is exposed the vapor phase above the gaseous, liquid or 
solid sample. In headspace SPME equilibrium is attained more rapidly than in direct 
immersion SPME, because the analytes can diffuse more rapidly to the coating on the 
fiber. Headspace SPME is ideal for minimizing interferences with an analysis, and can 
prolong the lifetime of the SPME fiber. It is extremely important to keep the headspace 
volume constant and keep the fiber position at the same depth every time. The application 
of SPME with direct immersion of the fiber in the oil has also been reported99, using 
Carbopack/PDMS fibers and dilution of the oil.  Purcaro et al.100described the use of an 
SPME method for the determination of the EU list of PAHs with low RSD values (<11%, 
except for BcF (16%) and cyclopenta[cd]pyrene (CPcdP) (35%)). It was observed that at 
high extraction times (>30 min), the extraction efficiency decreased for some 
compounds, due to a rising effect by the organic solvent used in the dilution. In recent 
article published by Ke et.al101. for determination of PAH’s in leather products headspace 
SPME was used where they targeted 9 PAH’s . They compared the homemade fibers to 
commercially available fibers where LOD’s were reported to be were in the range of 
0.010–0.120 µg/L.  
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Experimental 
Materials and Chemicals: 
 
Ultrapure water was produced using a by MilliQ plus Ultra (Billerica, MA) system 
located in our laboratory. EPA 610 standard was purchased from Sigma- Aldrich 
(Supelco) (Bellfonte, PA). Solvents methanol and dichloromethane were purchased from 
Pharmco-AAPER. Nature bounty fish oil capsules were purchased form market.  
Agilent -5973 GC-MS (Agilent Technologies, Wilmington, Delaware) comprised of PAL 
autosampler with SPME capability was used. 100 µm polydimethyl siloxane (PDMS) 
SPME fibers were obtained from Sigma Aldrich (Supelco, Belfonte, PA). 20 mL vials 
with magnetic screw caps were purchased from Sigma-Aldrich (St. Louis, MO). 
Sample Preparation 
 
Stock solutions for standardization were made in dichloromethane and methanol in 1:1 
ratio and were refrigerated. The concentration of all polycyclic aromatic hydrocarbons in 
the purchased EPA 610 mixture ranged from 100-1000 ppm as shown in Table 5. For 
sample preparation, 1 gm of fish oil capsule was placed in a 20 mL SPME screw vial and 
desired concentration was attained by spiking EPA mixture stock solution to obtain the 
desired PAH concentrations.  
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Real Fish oil Preparation 
 
 After the menhaden were caught they were placed on ice immediately and frozen as soon 
as possible upon returning to shore. Frozen fish were shipped to Seton Hall University 
and remained frozen until dissection.  Prior to dissection, fish were quickly thawed in 
warm water and cataloged by species, weight, length, date, and location of capture.  Each 
fish was also photographed.  Groups of five fish, from the same date, location and 
approximately the same size were used to prepare an oil aliquot.  These fish were 
dissected by removing the internal organs, including the liver, heart, stomach and 
digestive tract.  These organs were refrozen for future study.  Pieces of the liver were 
collected for fluorescence spectrometry.   Then the head and tail were cut off, and the fish 
was filleted and de-boned.  The filets were cut into smaller pieces and pounded into meal 
using a glass test tube inside a round-bottom centrifuge tube.  
 
The samples were centrifuged for six hours at 10,000 rpm.  Once the centrifugation was 
complete, the tubes were removed and the top two layers, one oil and one aqueous, in 
Figure 24, were decanted into a new, clean conical bottom centrifuge tubes.   The 
samples were allowed to separate. Then an 18 gauge needle was used to pierce the 
bottom of the conical tube.  Once the needle was removed, the aqueous layer was free to 
drip through the hole that was formed.  Once the aqueous layer was removed, the oil 
layer was collected in a clean glass vial.  
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Table 5: EPA 610 mixture showing concentration and major masses for each 
polycyclic aromatic hydrocarbons 
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Oil from each aliquot was combined resulting in a single oil sample for a particular 
site/ship and collection date.  Nitrogen gas was blown over the vial, and the oil sample 
was frozen for analysis and/or trophic studies. 
Instrumental Conditions: 
SPME Conditions 
Headspace solid phase microextarction was used (HS-SPME) with a non-polar 100 µm 
polydimethylsiloxane (PDMS) fiber. The fibers were conditioned as per manufacturer’s 
instructions. The HS-SPME process was fully automated using the PAL auto-sampler. 
PAH’s spiked in fish oil capsule were incubated in the agitator at 1500C for 15 min with 
agitator speed of 500 rpm, followed by headspace extraction for 30 minutes. The fiber 
was desorbed into the inlet of gas chromatograph for 15 minutes. The split purge was 
opened after two minutes, with the final 13 minutes in the inlet as the first step in fiber 
cleaning. After the extraction was completed, fiber was conditioned at 3600C for 18 
minutes to prevent carry over. This was confirmed by running blanks between each 
sample. 
GC-MS Conditions:  
 The inlet was kept at 280ºC and splitless mode of injection was used. Helium was used 
as carrier gas with flow of 1.5 mL/min. For chromatographic separation HP-5MS column 
was used with dimensions of 15m×0.25µ×0.25mm. The oven was programmed at 50ºC 
for 1 min with ramp rate of 20ºC/min to 325ºC for 2.00 min. Source was kept at 230ºC.  
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Figure 24: Centrifuge tube showing aqueous and oil layers on the top of fish meal 
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The mass spectrometer was set for selected ion monitoring (SIM) where corresponding 
m/z value was selected for each PAH as seen in Table 5 
 
Results and Discussion: 
Solid Phase Micro Extraction:  
 
In headspace SPME, analytes are extracted from the gas phase above the sample in a 
closed container that may be equilibrated with the sample. Headspace extraction protects 
the fiber from high molecular weight substances present in the matrix. The choice of 
sampling mode has a very significant impact on the extraction kinetics. When the fiber is 
in the headspace, the analytes are removed from the headspace first, followed by indirect 
extraction from the matrix.  
 
Headspace SPME of volatile compounds requires shorter equilibration time in 
comparison to direct extraction under similar agitation conditions because a considerable 
portion of the analytes is previously present in the headspace before extraction as shown 
in Figure 25, the presence of a large interface between the sample matrix and headspace 
and the diffusion coefficients in the gas phase are typically higher by 4 orders of 
magnitude than in liquids. A compound with a lower K will evaporate more easily into 
the headspace from the liquid phase mixture leading to a large instrument response and 
low limits of detection.. 
As discussed in Chapter 1, important parameters affecting headspace solid phase 
microextraction were discussed. Based on these factor PDMS fiber with 100 µm coating  
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Figure 25: Phases of headspace in vial 
  
  
G= the Vapor Phase (Head Space) 
Lies above the condensed sample 
phase 
S= the Sample phase 
(Condensed Phase) 
Contains analytes and other 
matrix 
compounds and is usually in the 
form of a liquid or solid. 
Volatile 
Analyte 
Equation 1: Partition 
Coefficient 
Partition Coefficient (K) = 
Cs/Cg 
 
Equation 2: Phase Ratio 
 β = Vg/Vs 
Cs=concentration of analyte in 
sample phase 
Cg=concentration of analyte in 
gas phase 
Vs=volume of sample phase 
92 
 
thickness was used. Agitation time was optimized at 15 min and agitation temperature 
was optimized at 1500C. Following SPME method development was developed, carry 
over was observed in blank vial as shown in Figure 26. 
The carry over included PAH’s from previous runs and as well as some silica peaks. The 
carry over problem was resolved by performing post run fiber conditioning at inlet in 
between runs and blanks were run to clean it as shown in Figure 27. In literature it’s 
mentioned that the HS-SPME has limitation in extracting larger PAH and the 
reproducibility is said to be poor for PAHs. In this work with HS-SPME even larger 
PAH’s (like benzo(a)pyrene) were extracted and reproducibility were under IUPAC 
limits. 
Fish oil preparation 
 
Analyses of the fish oil procedure showed that the most oil was collected from NJ fish, 
3.47 grams of oil per fish, and the least from VA fish, 0.35 grams of oil per fish.  Similar 
percentages of oil were found in LA fish from Grand Isle and Vermillion Bay. 
GC-MS 
 
Figure 28 shows a total ion chromatogram (TIC) which was obtained by spiking stock 
solution of EPA 610 mixture of PAH’s in fish oil.  Since the analysis was done using 
SIM mode, an extracted ion chromatogram for each PAH was obtained. Figure 29 shows 
extracted ion chromatogram of naphthalene at m/z 128. Figure 28 shows extracted ion 
chromatogram of benzo(a)anthracene and chrysene at m/z=252. 
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Figure 26: Chromatogram showing carry over in blank from previous run  
 
Napthalene 
Acenapthene 
Biphenylene 
Anthracene 
Phenanthrene 
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Figure 27: Blank showing no carry over after fiber bake 
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Figure 28: Total ion chromatogram of polycyclic aromatic hydrocarbons 
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Figure 29: Extracted ion chromatogram of naphthalene at m/z=128 
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Figure 30: Extracted ion chromatogram of benzo(a)anthracene and chrysene at 
m/z=252. 
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In selected ion monitoring the mass spectrometer is set to scan over a very small mass 
range, typically one mass unit.  The narrower the mass range the more specific the SIM 
assay.  The SIM plot is a plot of the ion current resulting from this very small mass range.  
Only compounds with the selected mass are detected and plotted. The selected ion 
monitoring (SIM) reduces the noise and helps in the enhancement of signal by reducing 
the noise. That is why the extracted chromatograms as shown in Figure 29 and Figure 30 
shows peak of intrest clearly whereas TIC shown in Figure 28 include standard peaks as 
well as matrix interference. 
Method Validation: 
 
Reliable analytical methods are required for compliance with national and international 
regulations in all areas of analysis. It is accordingly internationally recognized that a 
laboratory must take appropriate measures to ensure that it is capable of providing and 
does provide data of the required quality. Such measures include: using validated 
methods of analysis; using internal quality control procedures; participating in 
proficiency testing schemes; and becoming accredited to an International Standard, 
normally ISO/IEC 17025. Method validation is one of the measures universally 
recognized as a necessary part of a comprehensive system of quality assurance in 
analytical chemistry102. IUPAC guidelines were followed for the method validation in 
this case.  
 
 
 
99 
 
Precision: 
Precision was determined by calculating % relative standard deviation (% RSD) on six 
different vials at 4 different concentrations from 20-200 ng/g, 25-250 ng/g, 40- 400 ng/g, 
50- 500 ng/g as shown in Table 6. The best results for precision came out at 25-125 ppb 
where RSD was < 11% without use of internal standard.  
 
Calibration, Limit of Quantitation (LOQ) and Limit of detection (LOD) 
Calibration was plotted from wide range of 50 ng/g-1500 ng/g with external standard 
method. R2 was found to be greater than 0.99 for most of PAH’s as shown in Figure 31-
Figure 39 and summarized in Table 6.  
LOD and LOQ were determined by selecting noise range from 11.5 min to 12.0 min. 
Software Chemstation determined the drift and based on that S/N was calculated. 
S/N = 2 or 3 (for LOD) 
S/N=10 (for LOQ)  
The values reported for LOQ and LOD are shown in Table 7. The LOQ’s ranged from 12 
-100 ng/g and LOD‘s ranged from 0.04 – 0.5 ng/g. This shows headspace SPME has 
potential for detection at trace levels for polycyclic aromatic hydrocarbons. 
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Napthalene Fluorene Acenapthene Biphenylene Fluoranthene Pyrene Anthracene Phenanthrene Benzo(a)pyrene 
1.11 
(100) 
5.76 
(20) 
3.60 
(100) 
6.52 
(200) 
5.47 
(20) 
9.93 
(20) 
6.02 
(20) 
14.14 
(20) 
10.70 
(20) 
9.96 
(125) 
5.69 
(25) 
7.91 
(125) 
10.26 
(250) 
10.12 
(25) 
7.77 
(25) 
6.96 
(25) 
7.97 
(25) 
10.95 
(25) 
10.06 
(200) 
9.83 
(40) 
5.98 
(200) 
14.11 
(400) 
8.47 
(40) 
8.94 
(40) 
7.77 
(40) 
6.95 
(40) 
10.09 
(40) 
3.61 
(250) 
5.77 
(50) 
5.36 
(250) 
20.7 
(500) 
3.61 
(50) 
4.42 
(50) 
8.30 
(50) 
1.13 
(50) 
15.7 
(50) 
 
 
Table 6: Precision calculated at 4 different concentrations, Values seen in red are % 
RSD and values in parentheses are concentration in ppb. 
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Percent Recovery: 
 
Three samples with three different concentrations of PAH’s extracted as mention in 
sample preparation. Percent recovery from each sample was calculated using  
100)(.
)(.
×
ppmspikedconc
ppmextractedconc
  
The extracted concentration was calculated using the equation for the calibration curves 
determined using the linear regression algorithm in Microsoft Excel. The spiked 
concentration was the drug concentration added to the samples prior to extraction.  
% Recovery for all PAH’s shown in Table 6. The results showed SPME was effective in 
recovery of PAH’s in fish oil and were under IUPAC guidelines. 
 
Real samples: 
 
Real samples were analyzed by the same extraction and instrumental method as discussed 
in the method section. Menhaden fish were collected from 5 different places which were 
1) MVNJ: Mount Vernon Ship; collected from Atlantic off NJ coast and DE Bay 2) 
EPNJ: Enterprise Ship; collected from Atlantic off NJ coast and DE Bay 3) DBC: 
Daybrook crude (oil processing plant in LA) 4) DBP: Daybrook processed 5) GILA: 
Grand Isle, LA; collected October 2010 (post oil spill). The real samples were prepared 
as described in the sample preparation section. Blanks were run in between the real 
samples to ensure that there was no carry over.   
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Figure 31: Calibration plots of anthracene from 100 ng/gm to 1100 ng/gm 
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Figure 32: Calibration plots of Napthalene (20-10000 ng/gm) 
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Figure 33: Calibration of Fluorene (10 ng/gm to 2200ng/gm) 
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Figure 34: Calibration of Fluroanthene (100 ng/gm to 3200 ng/gm) 
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Figure 35:  Calibration of Pyrene (20 ng/gm to 1100 ng/gm) 
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Figure 36: Calibration of biphenylene (10ng/gm to 1100ng/gm) 
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Figure 37: Calibration of Acenapthene (10 ng/gm to 1100 ng/gm) 
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Figure 38: Calibration of phenanthrene (10 ng/gm to 1100 ng/gm) 
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Figure 39: Calibration of benzo(a)pyrene (100 ng/gm to 1100 ng/gm) 
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Polycyclic aromatic 
hydrocarbon 
Reproducibilty 
(%) 
LOQ(ng/gm) LOD(ng/gm) R2 
Napthalene 92 1.2 0.09 0.9917 
Biphenylene 88 12 7.2 0.9906 
Acenapthene 90 18 1.2 0.9935 
Fluorene 95 0.2 0.04 0.992 
Anthracene 84 3 0.5 0.9903 
Phenanthrene 82 5 0.5 0.9916 
Fluoranthene 81 9 0.8 0.9962 
Pyrene 90 0.5 0.08 0.9911 
Benz(a)anthracene 87 7 0.9 0.9981 
Chrysene 82 12 6 0.9909 
benzo[k]fluoranthene 88 9 0.8 0.9943 
Benzo[a]pyrene 89 0.5 0.06 0.9981 
Benzo[b]fluoranthene 86 4 0.5 0.9953 
 
Table 7: Analytical Figures of merit for polycyclic aromatic hydrocarbons 
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Napthalene, Fluronathene, Fluorene, Pyrene and Anthracene were detected in real 
samples (MVNJ, GILA).  
Figure 40 and Figure 41 demonstrates the overlay EIC chromatogram of; naphthalene, 
fluorene, standard with a) the MVNJ fish oil sample b) EPNJ c) Daybrook crude d) 
Daybrook processed e) GILA respectively.  Other PAH’s which were detected in real 
samples were fluroanthene and anthracene. Comparisons of PAHs in fish oil show some 
similarities as well as differences between samples.  Table 7 summarizes the results of 
real sample analysis. First it should be noted that the overall levels of PAHs were low in 
all samples.  For example, concentrations of anthracene ranged from 91 to 133 ng/g, 
while those for naphthalene were detected but below quantification in all samples tested.  
Of the PAHs detected, fluoranthrene concentrations were similar in LA and both NJ 
samples, ranging from 182 to 185 ng/g.  Anthracene, was highest in NJ fish collected 
near shore, 133 ng /g (MVNJ) and lower in NJ fish collected off shore, 106 ng/g (EPNJ).  
Anthracene was lowest in LA fish collected from Grand Isle, 91 ng/g (GILA).  Pyrene 
was similar for NJ fish collected near shore, 71 ng/g, and LA fish which were also 
collected near shore- that is off of Grande Terre beach, 69 ng/g.  NJ fish collected off 
shore had the lowest level of pyrene, 10 ng/g.  These data are insufficient to draw 
conclusions regarding the relative amounts of PAHs as their origin. The samples may be 
showing PAHs from their native environment and not from the oil spill. 
Thayer suggested set level concern for PAH’s to be in ng/g for finfish.103 The concern 
level for PAH’s (napthalene, fluorene, fluroanthene, anthracene and pyrene) were shown 
to be in ppm levels whereas the real analysis results were in ng/g levels which is well 
below the limits. 
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Figure 40: Overlay EIC chromatogram of; Naphthalene standard with real sample 
a) the MVNJ fish oil sample b) EPNJ c) Daybrook crude d) Daybrook processed e) 
GILA respectively.   
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Figure 41: Overlay EIC chromatogram of; Fluorene standard with real sample a) 
the MVNJ fish oil sample b) EPNJ c) Daybrook crude d) Daybrook processed e) 
GILA respectively.   
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Sample 
Napthalene 
(ppb) 
Pyrene 
( ppb) 
Anthracene 
(ppb) 
Fluorene 
(ppb) 
Fluroanthene 
(in ppb) 
MVNJ NQ 71 133 NQ 185 
GILA NQ 69 91 NQ 182 
EPNJ NQ 73 106 NQ 184 
 
Table 8: Summary of real samples. 
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Conclusions: 
 
HS-SPME combined with GC-MS is a very effective technique for the analysis of PAHs 
from fish oil. The method showed a wide linearity of 50-1500 ng/gm with R2 to be 
greater than 0.98 with RSD less than 10%. The LOQ’s and LOD’s were in range of 18-
0.2 ng/g and 1.2-0.04 ng/gm respectively. No internal standard was used for the analysis. 
The real samples collected from 5 places. HS-SPME-GC-MS was able to detect 
napthalene, fluorene, fluroanthene, anthracene and pyrene in real samples.  
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Chapter-4 
Analysis of Fatty Acid Methyl Esters in olive oil using SPME-GC-MS-MS 
 
Summary: 
 
Olive oil is a product of great importance because its nutritional value has been 
acknowledged internationally. Due to the difficult procedure for its production, olive oil 
is a food of high price and therefore, it is important to safeguard it from adulteration. 
Since fatty acid methyl esters comprise of a homologues series of methyl esters and 
isomers of methyl esters, there is need for a multidimensional approach for the 
identification of fatty acid methyl esters (FAME) based on GC/MS. The 
multidimensional technique, used in this work is GC-Triple quadrupole which has a very 
unique mode known as multiple reaction monitoring where precursor and product ions 
are pre-selected. The multidimensions such as retention time, optimized precursor ion, 
collision energy and product ion helps to separate the co-eluted peaks of FAMES even on 
a non-polar column (DB-5). Step by step of optimization of SPME, GC, MS-MS will be 
discussed in this chapter. 
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Introduction: 
 
Olive oil is an economically important product in the Mediterranean countries. It has a 
fine aroma and a pleasant taste, and is internationally appreciated for its nutritional value 
and health benefits.104 Costs of virgin olive oil are high when compared to other 
commonly used vegetable oils, making it prone to adulteration with less expensive oils in 
order to increase profits. Most common adulterants found in virgin olive oil are seed oils, 
such as sunflower, soy, corn and rapeseed oils as well as nut oils, including hazelnut and 
peanut oils. 105 Several commercial categories of olive oil are legally defined by the 
European Community Council of Regulation106, which are marketed with different prices. 
Adulteration of olive oil is a serious problem for regulatory agencies, oil suppliers and 
could also threaten health of consumers. Actually, blend edible oils can be prepared only 
for suitable products, but if the resulting blend deviates from the mixture proportions 
given on the label, or if the blend is traded as genuine, it means the oil is adulterated.107 
Turkey is one of the major olive oil producers in the world and cottonseed, rapeseed, 
sunflower and corn oils with lower market price are commonly used to adulterate olive 
oil. 
To fight against the increase in these fraudulent activities two measures are being taken. 
The chemical compositions of specific olive oils have been qualified and protected by 
certificates of protected designation of origin issued by a government body. Analytical 
techniques, physicochemical parameters, indexes108,109, etc. and their integration with 
mathematical algorithms110 have also been proposed. In the latter group, several 
techniques based on chemometric tools and analytical techniques have been developed to 
authenticate and detect olive oil adulteration. Most suitable analytical techniques include 
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gas chromatography (GC)111, gas chromatography–mass spectrometry(GC-MS)112, high-
performance liquid chromatography(HPLC).113 Other examples are nuclear magnetic 
resonance spectroscopy114 or Fourier transformed infrared spectroscopic method.115 The 
combination of the aforementioned techniques and differential scanning calorimetry 
(DSC) has also been used to carry out quality control and detect the adulteration of edible 
oils.116 Typically, the overwhelming majority of fatty acids (FA) are analyzed after their 
methylation to fatty acid methyl esters (FAME) by gas chromatography (GC) using the 
flame ionization detector (FID) or the mass selective detector (MSD).117 FAME analysis 
makes high demands on chromatographic resolution especially to provide evidence of 
positional and geometrical isomers of unsaturated fatty acids in complex mixtures. To 
meet these requirements, several stationary phases of different polarity have often been 
used for one and the same sample.  Alternative ways to circumvent coelutions and to 
enhance resolution are the use of several different temperature and pressure programs on 
a single (middle polar) column or the application of two-dimensional gas 
chromatography (GC×GC) by serial coupling of two capillary columns.118 Tranchida et 
al. also employed a bis-cyanopropyl polysiloxane-100% dimethylpolysiloxane column 
set in the GC, GC-FID analysis of FAMEs of olive and hazelnut oils. The two oils are 
characterized by a similar FAME profile, and, to save costs, hazelnut oil is illegally 
added to olive oil. The main scope of the investigation was to find differences in the 
FAME compositions of these two oils.119 Mondello et al. have also reported using 
comprehensive GC in separating vegetable, marine and land-animal FAMEs.120  
Another interesting aspect is the possibility of performing rapid and simple analysis for 
screening procedures and confirmatory processes. The most common sample-preparation 
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process in such applications has undoubtedly been headspace solid-phase microextraction 
(HS-SPME). Abalos et al. used HS-SPME in the determination of free VFAs (Volatile 
fatty acids) in waste waters .121 In that work, a variety of SPME fibers of different 
polarity (polyacrylate, PA; Carbowaxdivinylbenzene, CW-DVB; polydimethylsiloxane-
divinylbenzene, PDMS-DVB; polydimethylsiloxane-Carboxen, PDMS-CAR; 
polydimethylsiloxane- Carboxen-divinylbenzene, PDMS-CAR-DVB) were evaluated for 
the extraction of underivatised C2–C7 fatty acids. PDMS-CAR fiber was selected for the 
extraction of VFAs, and temperatures and extraction times of 25ºC and 20 min yielded 
the best recoveries. The same method was used for the determination of free VFAs in 
aqueous samples using GC coupled to chemical ionization mass spectrometry.122 
Kulkarni et al., who have recently developed a sol–gel inmobilized cyano-
polydimethylsiloxane (CN-PDMS) coating for capillary microextraction (CME also 
called in-tube SPME) of aqueous FFAs.123 The sol–gel CN-PDMS microextraction 
capillaries provided efficient extraction of FAs without using any derivatization, pH 
adjustment or salting-out procedures. 
The main research goals of this project was to: 1. Develop a HS-SPME-GC-MS-MS 
method using non- polar column (DB-5) for separation of polar fatty acid methyl esters 
(FAMES) 2. To find adulteration in olive oil using HS-SPME-GC-MS-MS. When 
analyzing fats and oils with complex fatty acid profiles, such as the cis and trans forms of 
polyunsaturated fatty acids, higher efficiencies are needed to resolve the individual 
components. One way to overcome co-elution is to use a polar column. Alternatively it 
could be solved by using a multidimensional technique such as GC-MS-MS, where 
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selectivity of MS-MS will help to separate co-eluted peaks of FAMES even on a non-
polar (DB-5) column. 
 
Experimental  
 
Materials and Methods: 
 
Ultrapure water was provided by a MilliQ plus Ultra (Billerica, MA) located in our 
laboratory. Supelco 37 FAME component mixture was purchased from Sigma Aldrich 
(Saint Louis, MO). All the FAMES standards prepared were refrigerated. The solvents 
hexane, methanol, ethanol were purchased from Pharmco-AAPER. SPME vials (10ml) 
and Car/PDMS/DVB fibers were purchased from Sigma Aldrich (Milwaukee, MI). A 
Maxi Mix II vortex mixer (Barnstead, Des Moines, IA) was used to vortex the vials.  
A Shimadzu GCMS-TQ8030 with a fully automated PAL auto-sampler was used for this 
work. Splitless SPME liner from Shimadzu was used for better peak shapes. 
Sample Preparation: 
 
 Stock solution preparation: A stock solution of FAMES was prepared in hexane. Other 
solvents like methanol, ethanol and dichloromethane were also tried, but couldn’t 
dissolve the olive oil. 
 Standard Preparation: Olive oil (1 mL) was placed in 10 mL SPME vial. Thirty seven 
component FAME mix was spiked according to the desired concentration. 
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 Instrumental Conditions: 
SPME Conditions:  
Fatty acids were converted to the fatty acid methyl esters (FAME) to increase volatility. 
Since FAMES are volatile analytes, headspace solid phase microextarction was used 
(HS-SPME). FAMES are polar in nature hence a polar 50/30 µm DVB/CAR/PDMS fiber 
was chosen. These fibers were conditioned as suggested in the manual. The HS-SPME 
process was fully automated using Shimadzu PAL auto-sampler (Columbia,MD). Olive 
oil spiked with the standard was agitated at 40ºC for 5 min with agitator speed of 500 
rpm, which was followed by headspace extraction for 60 minutes. Finally the fiber was 
desorbed into the GC inlet for 3 minutes. After the extraction was completed, fiber was 
conditioned at 280ºC for 10 minutes to remove the carry over and it was confirmed by 
running blanks between each samples. 
 GC-MS Conditions:  
 The inlet was kept at 250ºC and splitless mode of injection was used. Helium was used 
as carrier gas with flow of 1.0 mL/min. For chromatographic separation RTX-5MS 
column was used with dimensions of 15m×0.25×0.25. Oven was programmed at 40ºC for 
3 min with ramp rate of 5ºC/min to 300ºC for 15 min. Source was kept at 230ºC.  
Shimadzu triple quadrupole TSQ-8030 was used for the analysis. First the FAME 
mixture was run on full scan from where appropriate precursor ions were chosen and MS-
MS then run on product mode in product mode with different collision energies. After 
optimization of the collision energy, MS-MS was run in the MRM mode.  
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 Results and Discussion: 
Solid Phase Microextraction (SPME):  
 
Headspace SPME of volatile compounds requires shorter equilibration in comparison to 
direct extraction under similar agitation conditions because; a considerable portion of 
the analytes is previously present in the headspace before extraction, a presence of large 
interface between the sample matrix and headspace, and the diffusion coefficients in the 
gas phase are typically higher by 4 orders of magnitude than in liquids. The first step in 
optimizing SPME procedure was to select right fiber. For this work three fibers were 
tested, PDMS/DVB, CAR/PDMS/DVB and Carbowax. The best suited fiber for 
selective extraction of FAMES was found to be CAR/PDMS/DVB. Then next step was 
to optimize headspace volume. Different headspace volumes were attempted as shown 
in Table 9 
The optimized volume was found to be 10 mL SPME vial volume with 1 mL of olive oil 
and 0.5 mL of standard.  These results suggests the importance of volume of the 
headspace while extraction since too much headspace volume causes volatile to escape 
and in case of less headspace volume the volatiles won’t have enough space to be in 
headspace. Thus its important to optimize headspace volume too.  
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Table 9: Showing different values of headspace used during optimization. 
 
 
 
 
 
SPME Vial Volume Olive Oil Volume Standard volume Headspace Volume 
10 mL 1 mL 0.5 mL 8.5mL 
10 mL 2 mL 1 mL 7 mL 
20 mL 2 mL 0.5 mL 13.5 mL 
 20 mL 5 mL 1mL 14 mL 
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Agitation temperature and time are very important in headspace solid phase micro-
extraction. Figure 42 indicates the optimum agitation temperature for extraction of 
FAMES was found to be 40ºC. Other agitation temperature tried for optimization were: 
30ºC, 40ºC, 50ºC, 60ºC, 70ºC, 80ºC. One important thing which was concluded in 
optimizing temperature was at higher temperature olive oil started degrading. For 
optimizing agitation time (in mins) 5, 8, 10 and 15 were attempted. The optimum 
agitation time was found to be 5 minutes. Extraction time (in min) was attempted at 10, 
20, 30, 40, 50, 60 min and optimum extraction time was found to be 60 min as shown in 
Figure 43. The optimum value for desorption time was found to be 3 min. 
GC-MS-MS 
 
The inlet was kept at splitless mode. The effect of temperature ramp on separation is 
shown in Figure 44. The 100C/min showed co-elution of FAMES mixture as shown in 
Figure 44. The best separation was achieved by 50C/min as shown in Figure 45 . Figure 
46 shows the zoomed part of co-elution by 50C/min.  
126 
 
 
 
Figure 42: Optimization of agitation time 
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Figure 43: Optimization of extraction time 
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Figure 44: TIC of FAMES mixture at 100C/min 
(For labelling please refer Table 11). 
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Figure 45: TIC of FAMES mixture at 50C/min 
For labelling of peaks please refer Table 11. 
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Figure 46: Zoomed part of figure 43 showing major co-elution  
1:Methyl linolediate; 2: Methyl linoleate; 3: cis-9-Oleic acid methyl ester; 4: trans-9-
Elaidic acid methyl ester; 5: Methyl stearate; 6: cis-11,14,17-Eicosatrienoic acid methyl 
ester ;7: cis-11,14-Eicosadienoic acid methyl ester; 8:cis13,16-docosadienoic acid methyl 
ester; 9: Arachidonic acid methyl esters 
 
Retention time (in min) 
A
b
u
n
d
a
n
ce
 
1 
9 
8 
7 6 
5 
4 
3 
2 
131 
 
In the recent literature, analysis of FAMES has typically been performed on polar column 
such as carbowax124. Some other multidimensional techniques used were GCXGC-
TofMS where second polar column helps in separation of these FAMES. Mondello 
et.al.125 reported characterization of extra virgin olive oil, olive, peanut, grapeseed and 
vegetable oils through fingerprinting and these oils were sampled with headspace solid 
phase microextraction  
The optimization of the GC method was done so that the best chromatographic separation 
was achieved. The next goal was to improve the separation of co-eluted fatty acid methyl 
esters by MS-MS. 
Full scan mass spectra of each fatty acid methyl ester were studied and the retention 
times noted in Table 10. Figure 47 shows different steps for the optimization of multiple 
reaction monitoring method. 
With the retention time established from full scan analysis next step was to select parent 
or precursor ion. In Chapter 2 while selecting precursor ions for steroids analysis 
molecular mass of each steroid was selected as precursor ion. Selecting molecular mass 
as precursor ion in FAMES analysis resulted in no peaks.  This happened due to low 
abundance of molecular mass in full scan. In product scan fragmentation of precursor ion 
(molecular mass in this case) product ions were not produced and that’s why no peaks 
were seen after product scan. To solve this problem the most abundant ion was selected 
as precursor ion from mass spectra of each analyte. Different precursor ions were selected 
to see their product ion fragmentation pattern.  
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Name Common Name Mass tR Major masses 
Methyl lignocerate 400 
µg/mL 
Methyl 
Tetracosanoate 382 41.75 339,382,283,143,87,74,55 
Methyl nervonate 200 
µg/mL 
15-Tetracosenoic 
acid, methyl 
ester, 380 41.307 55,69,97,123,152,249,348,380 
Methyl tricosanoate 200 
µg/mL 
Methyl arachidate 
400 µg/mL 368 40.24 74,87,143,185,199,269,283,325,368 
Methyl behenate 400 
µg/mL 
Methyl 
docosanoate 354.61 38.757 74,87,143,199,255,311,354 
Methyl erucate 200 µg/mL 
Methyl cis-13-
docosenoate 352.59 38.337 55,83,111,236,278,320,352 
cis-5,8,11,14-
Eicosatetraenoic acid 
methyl ester 200 µg/mL 
Arachidonic acid 
methyl ester;  318 38.273 55,67,81,318,350 
cis-13,16-Docosadienoic 
acid methyl ester 200 
µg/mL   350.58 38.273 55,67,81,318,350 
cis-4,7,10,13,16,19-
Docosahexaenoic acid 
methyl ester 200 µg/mL 
Methyl 
4,7,10,13,16,19-
docosahexaenoate 342.51 37.517 67,91,105,133,199,201,227,313,329 
Methyl heneicosanoate 
200 µg/mL   340.58 37.213 74,87,143,185,199,241,255,297,340 
Methyl eicosenoate 200 
µg/mL 
Methyl arachidate 
400 µg/mL 326 35.613 74,87,143,185,199,269,283,326 
Methyl arachidate 400 
µg/mL 
Arachidic acid 
methyl ester,  326 35.167 55,79,121,135,249,292,320 
cis-11,14,17-
Eicosatrienoic acid methyl 
ester 200 µg/mL   320.51 35.057 55,67,95,135,290,322 
cis-11,14-Eicosadienoic 
acid methyl ester 200 
µg/mL   322.53 34.723 55,79,93,121,149,249,289,320 
 
Table 10: Reported retention time and major masses 
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Figure 47: Optimization of Selected Reaction Monitoring method 
 
 
 
 
 
Full Scan
Selection	of	Parent	ion	m/z
Optimization	of	collision	energy	and	collision	pressure	during	
product	scan
Selection	of	Product	ion	m/z
Selected	Reaction	Monitoring
134 
 
ID 
# COMPOUND NAME 
Retention 
time 
Precursor 
ion(Ch1) 
Product 
Ion 
m/z for copy 
ch1 CE 
37 Methyl Lignocerate 41.67 143 83 143>83 8 
36 Methyl nervonate 41.3 97 55 97>55-97>69 8 
35 Methyl tricosanoate 40.25 87 55 87>55-87>27 10 
34 Behenic Acid 38.757 143 83 
143>83-
143>101 8 
33 Arachidonic acid methyl ester 38.273 97 55 97>55-97>69 8 
32 cis13,16-docosadienoic acid methyl ester 38.233 95 67 95>67-95>55 8 
31 
cis4,7,10,13,16,19 docosahexanoic acid 
methyl ester 37.485 81 79 81>79-81>41 8 
30 Methyl heneicosanoate 37.18 143 83 
143>83-
143>101 8 
29 Methyl Eicosenate or methyl archidate 35.613 55 29 55>29-55>27 8 
28 cis-11,14-Eicosadienoic acid methyl ester 35.153 93 77 93>77-93>91 8 
27 
cis-11,14,17-Eicosatrienoic acid methyl 
ester 35.057 67 41 67>41-67>39 8 
26 
cis-8,11,14-Eicosatrienoic acid methyl 
ester 34.723 93 77 93>77-93>91 8 
25 
cis-5,8,11,14-Eicosatetraenoic acid methyl 
ester 34.483 105 79 
105>79-
105>77 8 
24 
cis-5,8,11,14,17-Eicosapentaenoic acid 
methyl ester 34.375 93 77 93>77-93>91 8 
23 Methyl stearate 32.21 143 83 
143>83-
143>101 8 
22 trans-9-Elaidic acid methyl ester 31.843 87 55 87>55-87>27 10 
21 cis-9-Oleic acid methyl ester  31.75 55 29 55>29-55>27 8 
20 Methyl linoleate  31.723 95 67 95>67-95>55 8 
19 Methyl linolelaidate  31.587 55 29 55>29-55>27 8 
 
Table 11: Showing optimized collision energy and product ions 
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The main criterion is to select such a precursor ion which gives distinct product ions. In 
Shimadzu 3 product ions can be selected and the unique feature is that these product ions 
can run on different collision energies.  Table 11 shows optimized collision energy and 
product ions chosen for fames separation .With these values of collision energy and 
product ions multiple reaction monitoring was run as shown in Figure 51. In this figure 
the co-elution was resolved with the help of sensitivity and selectivity of triple 
quadrupole. The utmost importance is even though there is decrease in sensitivity but 
with the help of increase in selectivity the co-elution was resolved. Figure 48-Figure 50 
shows the part of MRM chromatogram (Figure 51). Figure 48 showed separation of 3 
peaks and one peak with little hump which wasn’t even visible in full scan. Figure 49 
shows complete separation of co-eluted peaks in full scan. Figure 50 still shows co-
elution of Arachidonic acid methyl ester and cis13,16-docosadienoic acid methyl ester. 
The different color peaks overlapping each other shown in the chromatogram are the 
transitions from precursor to product ions. There is still co-elution of two peaks but rest 
35 were separated on even non-polar column with the help of selectivity provided by 
multiple reaction monitoring in triple quadrupole mass spectrometer. 
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Figure 48: Shows separation by MRM 
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Figure 49: Shows fully separation of co-eluted peaks 
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Figure 50: MRM chromatogram of Arachidonic acid methyl ester and  
cis13,16-docosadienoic acid methyl ester 
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Figure 51: Shows the MRM run where separation was achieved through MS-MS. 
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Conclusions:  
 
Adulteration is a serious issue in drugs, food and related stuff; with olive oil being one of 
the most adulterated food products. In this work fatty acid methyl esters (FAMES) were 
extracted by headspace solid phase microextraction (SPME). Optimization of SPME, GC, 
and MS-MS were discussed in detail. Some FAMES which tend to co-elute on a non-
polar column (DB-5) were separated using multiple reaction monitoring mode (MRM) of 
GC-MS-MS.  The selectivity provided by multiple reaction monitoring in triple 
quadrupole helped the separation of co-eluted FAMES even on a non –polar DB-5 
column. It can be concluded that the separation of complex mixtures can be achieved 
with a selective detector like triple quadrupole. 
 
 
 
 
 
 
 
 
141 
 
 
 
 
Chapter-5 
Selective detection of Cocaine in Money Using GC-MS-MS 
 
Summary: 
 
 Cocaine is a popular illegal drug of abuse in the United States. Detection of cocaine in 
money has attracted much over the past two decades. Money, when directly exposed to 
cocaine gets contaminated. The contamination will be transferred to new currency if they 
are stored together. To quantitatively estimate the amount of cocaine in money, the notes 
were extracted using methanol Gas chromatography triple quadruple mass spectrometer 
was used for the instrumental analysis. The product ion scan was optimized at 15 eV 
collision energy. Multiple Reaction Monitoring (MRM) mode was used for MS-MS 
analysis by selecting 182 m/z as precursor ion and  182 m/z to 82 m/z as the quantitative 
transition.  The method offered high precision with %RSD less than 6%, recovery of 
98.3±0.9 % and very low detection limit from standard solutions of 0.005 µg/mL. The 
method was linear over a wider range from 0.01 µg/mL to 10 µg/mL with R2 value of 
0.998. US currency with different denominations from different locations were collected 
and examined for traces of cocaine. Two $ 20 bills collected from Miami showed 1.8 ng 
and 8.5 ng of cocaine respectively. Two $1 bills collected from New Jersey showed 2.85 
ng and 3 ng of cocaine respectively. Currency from different countries were analysed. 
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The developed analytical method using a triple quadrupole mass spectrometer 
demonstrated high selectivity in detecting trace levels of cocaine in currency. 
Introduction: 
 
 Drug consumption has become a major societal problem in most countries as it is linked 
to high crime rates as well as other social disruptions. 126 Methamphetamine, cocaine and 
heroin occur in powder form in the market. Previous studies revealed the presence of 
significant amounts of various drugs, mainly cocaine, on different paper currencies.127 In 
many countries, currency suspected of being associated with drug trafficking can be 
seized by the authorities. One of the ways of investigating this association is through the 
analysis of seized banknotes for traces of illicit drugs. 128 Cocaine is a solid, white 
crystalline tropane alkaloid that is derived from the coca plant. It is primarily a central 
nervous system (CNS) stimulant that causes increased heart rate, tightness in the chest, 
increased energy, and heightened alertness, numbness in the immediate area of the skin 
where the drug is applied, stroke, and death.129   
When a person handling cocaine touches the currency, the currency is contaminated. 
Currencies are usually cellulose based paper which adsorbs the cocaine. When this 
contaminated currency comes in contact with the new currency, trace level cocaine 
adheres to the new note. This aspect has been studied and documented in the literature for 
about 20 years 130. Since cocaine remains in its crystal state when it is transferred, it is 
very stable often allowing it to be detected on the surface of currency for several years.   
Various analytical techniques have been employed for identification and quantitative 
determination of cocaine. The most commonly used analytical techniques are GC-MS, 
143 
 
HPLC, LC-MS, LC-MS-MS, ion mobility spectrometry and desorption electrospray 
ionization-mass spectrometry.131 GC-MS was used in the determination of COC in the 
teeth of drug users, which were pulverized and extracted with chloroform/ isopropanol. 
Thermal desorption tandem mass spectrometry (TD–MS) is a very fast method and 
allows the analysis of 100 banknotes in a single 20 min analytical run132. The 
disadvantage of this method is that heating is (like rinsing of the banknote) a destructive 
process to the analyte (not to the banknote) so that analysis cannot be repeated. 133 A 
method for the simultaneous quantification of illicit drugs on Euro banknotes, using an 
ultraperformance liquid chromatography tandem mass spectrometry, was developed and 
validated. Recovery rates were in the range of 60–80%. Calibration was performed with 
spiked banknotes in the range of 10–100 ng/note (R2 0.98–0.99). Intra-day analysis 
showed fair precision and accuracy (≤ 15%).134 In recent studies, there have been 
comparisons of different extraction procedures for the determination of cocaine on 
banknotes; after optimizing extraction method, time of extraction and detection 
conditions.135 
 
A highly selective and sensitive detection is necessary for quantifying trace level of 
cocaine in money.  For the analysis of cocaine in money in this work, triple quadrupole 
(MS-MS) was used. During the course of this research, several random samples of US 
currency were analyzed and the mass of cocaine detected on each sample was quantified 
using GC-MS-MS. According to UNO world drug report, where North America and 
Western Central Europe are the two main cocaine-consumption regions. The country with 
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the highest contamination of banknotes due to cocaine is the USA (with mean value 
levels in the range 2.86–28.75 µg cocaine/note, depending on the year and the city). 
Experimental 
Material and Methods 
A Shimadzu TSQ-8030 gas chromatograph-triple quadrupole mass spectrometry was 
used for analysis. Methanol was purchased from Pharmco-AAPER (Connecticut). Liquid 
injection syringes (10 µL) were purchased from the Hamilton Company. Rtx-5 column 
(15m × 0.25µm × 0.25mm) was purchased from Restek. Cocaine standard (1.00mg/mL) 
was purchased from Sigma Aldrich. One dollar banknotes of US currency and currency 
from different countries were provided by the author of this thesis. 
Instrumental Conditions 
GC Conditions 
 
Shimadzu triple quadrupole mass spectrometer (GCMS-TQ8030) with PAL autosampler 
was used for the analysis. A DB-5 stationary phase, (15m × 0.25mm internal diameter 
(I.D.) ×0.25µm film thickness) was used for the analysis. The inlet was maintained at 
250ºC. The inlet was operated in splitless mode with 2.0 min splitless time. The intial 
column temperature was maintained at 150ºC to 290ºC at 10ºC ramp rate with initial and 
final hold time of 1 min. The transfer line was kept at 280 º C with the solvent delay time 
of 4.00 min. 
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 MS-MS conditions: 
 
The ion source was maintained at 250ºC. The cocaine standard was run on full scan at 
Q3. The selected parent mass (m/z=182) was chosen and was run at different collision 
energies. A collision energy of 15ev was optimized for the cocaine. Three most stable 
transitions (182.00>82 quantitation, 182.00>122, 182.00>93) were chosen from the 
product scan which were run on MRM mode. Here 182 is precursor ion and 82,122,93 
are product ions. The most stable transition was found to be 182>82. 
Real Sample Preparation : 
 
Each banknote was soaked in approximately 15 mL of methanol in a container for 3 
hours followed by water bath sonication for 15 minutes at room temperature. The 
banknotes were removed from the liquid extract and rinsed with methanol to remove any 
loose cocaine from the surface. Methanol was evaporated overnight leaving the container 
lid open. The extracts were reconstituted with 0.5 mL of methanol. 
Validation: 
 Limit of Detection and Limit of Quantitation (LOD/LOQ): 
LOD was determined using the IUPAC method. The equation used to calculate the LOD 
is shown below 
      mksLOD B /=     
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where k the S/N threshold which is equal to 3 for the LOD and equal to 10 for the LOQ. 
The standard deviation sB of the blank which was determined taking the standard 
deviation of the noise readings from 10 data points adjacent to the peak at S/N between 2 
and 3.  
 %Recovery: 
%Recovery from each sample was calculated using Equation 2.3   
  100)(.
)(.
×
ppmspikedconc
ppmextractedconc
  
The extracted concentration was calculated using the equation for the calibration curves 
determined using the linear regression algorithm in Microsoft Excel.  
Accuracy and Precision: 
Accuracy was determined by calculating the percent error between the spiked 
concentration  of cocaine in water and the concentration of cocaine extracted from the 
sample.  
Precision was determined using the %RSD of the peak area calculated after 5 
simultaneous runs of the standard.  
Results and Discussion 
MS-MS 
 
The cocaine standard of 10µg/mL in Q3 (full scan) is shown in Figure 52 with its mass 
spectrometrer showing major fragments. The parent ion 182 was chosen. 
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The product scan was run at different collision energies at 10 eV, 12 eV, 15 eV, 16 eV. 
The parent ion  182 m/z was reduced to 10% of its abundance with 15 eV and was 
considered as the  optimized collision energy as shown in Figure 53. 
The data was collected in MRM mode with optimized collision energy, retention time 
and stable transitions (182.00>82, 182.00>122, 182.00>93) shown in Figure 54. The 
MRM chromatogram reduces the noise. The three peaks shown in Figure 54 are the 
product ions selected.  The top peak is the most stable and abundant transition which is 
182>82. The middle peak is the transition corresponding to 182>122. The last peak is 
transition corresponding to 182>93. 
Validation  
 
To test for linearity a calibration curve was plotted with cocaine standard from 0.005-100 
ug/mL. The method was linear with a R2 value 0.9966 as shown in Figure 55. The 
equation of line obtained from calibration curve was used to calculate concentration of 
real samples. 
 Precision is usually expressed in terms of the deviation of a set of results from the 
arithmetic mean of the set. This was calculated for six consecutive injection of cocaine 
standard at 1 µg/ mL where means and standard deviations of these six consecutive  
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Figure 52: Showing cocaine peak on top with its mass spectrometer showing major 
fragments 
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Figure 53: Product scan with precursor ion m/z 182 at 15eV 
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injections were calculated. % Relative Standard Deviation (% RSD) was determined by 
taking the percentage of ratio of standard deviation to mean which was found to be less 
than < 6% which is according to IUPAC norm. 
LOQ and LOD The limit of quantitation was found to be 0.01 µg/ mL where it was 
calculated by taking ratio of  signal to noise.  Limit of detection was found to be 0.05 
µg/mL.  
Recovery The percent recovery from each sample was determined by first analyzing a 
0.004 µg/mL sample and using that response and the calibration curve to estimate the 
expected response of a 0.006 µg/mL sample.   This was then compared to the response of 
an actual 0.006 µg/mL sample obtained by spiking the original 0.004 µg/mL sample the 
ratio expressed as a percentage.  The % recovery was found to be 98.3±0.9 at 0.01 
µg/mL. 
Real Samples 
 
15 different types of currency from all around the world were analysed. The real sample 
extracted with methanol was run on MRM method. All results are summarized in Table 
12. United States bank notes showed maximum cocaine contamination. The results donot 
conclude that only U.S.A currency is contaminated with cocaine as the samples from 
other countries may have been collected from areas where cocaine consumption is less or 
cocaine may have been degraded during course of time i.e. the currency studied was not a 
representative sample. 
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Figure 54: Multiple reaction monitoring mode with 182>82,182>122,182>93 
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Figure 55: Calibration plot for cocaine by MRM 
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Denomination Original Concentration  
$ 20 
(Miami) 
1.76ng 
$ 20 
(Miami) 
8.25ng 
$1  
NJ 
2.85 ng 
$1(B) 
NJ 
19.6 ng 
Chinese $10 0.84 ng 
 $1 (C) 
NJ 
1.1 ng 
Indonesian Rupiah 0.68ng 
France(10) nd 
Brazil(1) nd 
Mexican (1) nd 
Mexican (10) nd 
 
Candian (1) nd 
Pound(5) nd 
India (Rupee100) nd 
India (Rupee500) 0.69 ng 
 
Table 12: Real Samples summary                       Nd- Not detected 
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 Conclusions: 
 
GC-MS-MS in MRM mode offered the desired selectivity and sensitivity to quantitate 
cocaine in money. The method offered high precision with %RSD less than 6%, recovery 
of 98.3±0.9 % and a very low detection limit from standard solutions of 0.005 µg/mL. 
The method was linear over a wide range from 0.01 µg/mL to 10 µg/mL with R2 value of 
0.998. US currency with different denominations from different locations were collected 
and examined for traces of cocaine. Two $ 20 bills collected from Miami showed 1.8 ng 
and 8.5 ng of cocaine respectively. Two $1 bills collected from New Jersey showed 2.85 
ng and 3 ng of cocaine respectively. Currency from other countries were also analysed . 
The developed analytical method using a triple quadrupole mass spectrometer 
demonstrated high selectivity in detecting trace levels of cocaine in currency. 
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Overall Conclusions:  
 
In this work extensions of a very well known extraction technique called solid phase 
microextraction (SPME) is discussed.  Solid phase microextraction has been used in 
environmental, petroleum, forensics, biomedical, surface chemistry, medicinal fields.  
With numerous advantages there are some limitations related to particular set of analytes 
1) Ultra- trace extraction of steroids (without derivatization)  
2) Extraction of higher polycyclic aromatic hydrocarbons   
3)  Extraction of Fatty acid methyl esters (FAMES) on a non-polar column.  
The main aim was to solve the problems stated above and extend the limits of solid 
phase microextraction. 
 
For the 1st extension steroids were extracted in water using direct immersion solid phase 
microextraction (DI-SPME). The most important point in development of DI-SPME 
method was that the steroids were underivatized and no internal standard was used. The 
co-elution on GC-MS was resolved using a sensitive, selective and high resolution 
multidimensional technique called GC-MS-MS. From environmental perspective ultra-
trace analysis of steroids in real water samples was required which was achieved by DI-
SPME-GC-MS-MS.  
 
For the 2nd extension polycylic aromatic hydrocarbons (PAH’s) were extracted from fish 
oil using headspace solid phase microextraction (HS-SPME). With HS-SPME even the 
higher PAH’s like benzo(a)pyrene were extracted. The polycylic aromatic hydrocarbons 
were extracted to analyze the effects of BP oil spill on marine life. Real Samples showed 
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lower PAH’s such as naphthalene, fluorene, fluoranthene, pyrene, anthracene were 
detected in real samples. 
For the 3rd extension fatty acid methyl esters (FAMES) which are polar analytes were 
separated on non-polar DB-5 column. This was achieved by extracting FAMES using 
HS-SPME in olive oil. The purpose of extracting FAMES was to find adulteration in 
olive oil. The selectivity provided by SPME and GC-MS-MS helped in resolving co-
elution of fatty acid methyl esters on non-polar column.  
The conclusions are summarized in figure 56. 
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Figure 56: Extending the limits of SPME 
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